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PREFACE 


It is generally agreed that the analytical approach to investigation of the 
engineering behavior of soil was first brought to the attention of many 
engineers in this country by the work of Dr. Karl Terzaghi, which began 
(o gain recognition in the mid-twenties. Initiation of courses of instruction 
in the subject did not become general, however, until after World War II. 
‘loday in most civil engineering schools, an undergraduate course in soils 
engineering is a recognized part of the curriculum and serves as a pre- 
requisite for studies in foundations, highways, airports, air-photo interpre- 
(ation, and in certain graduate courses. The attendance of architectural 
students in soils engineering courses is also increasing. Therefore, both 
undergraduate students in civil engineering and architecture who are taking 
required courses, and a number of the older men in general practice in 
engineering, architecture, and contracting who missed a formal education 
in the subject, have need of a basic text. 

Since the war, textbooks on soils engineering are being published in 
increasing numbers, and the subject material is becoming better organized. 
Most of these texts, however, contain the material required for instruction 
al the graduate as well as the undergraduate level. It has repeatedly been 
brought to the attention of the author by students and practicing engineers 
alike that inclusion of the advanced material with the elementary in a 
single text often obscures the basic information which is sought by the 
reader who requires only a general familiarity with the subject. The present 
(oxt has been designed to present primarily the basic material required for 
dealing with common problems in general practice and is intended to serve 
ana reference work for those who, initially at least, do not intend to special- 
ive in any aspect of the field. 

Although a limitation has been placed on the amount of detail and the 
number of theoretical considerations presented, the scope of the text in- 
cludes the entire field of soils engineering. Information on fundamental 
properties of soil has been assembled not only from engineering sources 
hut from agronomy and the soil sciences and is presented in engineering 
forms, Applicable material from the fields of hydraulics and mechanics 
in included, The application of this information to problems in foundation 
and highway engineering alike is explained from the practical viewpoint, 
(aking into consideration not only theoretical considerations but conditions 
and difficulties which arise during construction, Where present theory is 
woak or impractical in application, satisfactory empirical methods are 
desoribed, ‘To assist in reaching solutions to problems when, instead of 
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complete test data, only general information on soil characteristics is 
obtainable, numerous tabulations and diagrams have been prepared which 
give approximate values of unit weight, permeability, bearing values, 
lateral pressure, compaction characteristics, and other engineering data. 

The text provides a chapter on field and laboratory testing, dealing with 
test selections, test costs, the facilities required, and the use of test data. 
It thus presents the information required by the engineer who must plan 
or be familiar with a testing program and be able to apply the results with- 
out becoming involved in a detailed discussion of soil-testing procedures. 
A description of the latter is properly the subject of a separate treatise for 
those who plan to take up laboratory work. 

Throughout the text, numerous illustrative examples are given as an 
aid to explanation of the subject material. At the end of each chapter an 
unusual number of questions and problems is provided for use as assign- 
ments in courses of instruction. These have been composed to require con- 
sideration by the student of each of the salient points in the chapter and 
have been tested in actual classroom use. 

Reflecting postwar research and development, the text contains a certain 
amount of new material. A new concept of soil structure is presented 
which indicates that particle-to-particle contact in true clays may be the 
exception rather than the rule. A theory relating the compressibility of 
clays to osmotic force is advanced as an alternate to the bridging theory. 
Shearing strength is discussed in terms of solid and liquid friction for granu- 
lar soils and clays, respectively, and the theory that the coefficient of 
friction varies with density in coarse-grained soil is re-examined. The dis- 
cussion of soil compaction and stabilization includes a description of modern 
vibratory compactors and some of the chemical stabilization methods and 
equipment presently available. 

It is scarcely possible in this short space to give an adequate statement of 
appreciation to all who have had a direct or indirect share in the prepara- 
tion of this book. It is desired to make particular mention of the benefits 
derived from association with soil scientists in the field of agronomy. The 
author is convinced that the ultimate development of soils engineering 
cannot be reached without close collaboration of engineers with agronomists 
and other soil specialists outside the field of civil engineering. The author 
is also glad to acknowledge his indebtedness to Dr. Karl Terzaghi, Dr. 
Glennon Gilboy, Dr. Leo Jurgensen, and Dr. Arthur Casagrande for 
instruction in soil mechanics. He has worked on many projects with the 
United States Corps of Engineers and is well aware of the impetus the 
Corps has given to extending our knowledge of soil mechanics. As a 
teacher, the author acknowledges his debt to his students for stimulating 
discussions and the perenially fresh viewpoint. Private practice has 
brought him in contact with the inescapable responsibilities and discipline 





PREFACE vii 


of the practice of a profession. For their direct assistance in the preparation 
of this text, a very personal acknowledgment goes to his present and former 
associates, Dr. M. B. Russell, Dr. Arthur G. Keenen, Dr. L. A. Wood, Dr. 
Robert D. Miller, Roy B. Anderson, William L. Hewitt, Clifton Lawson, 
und Gustave Young, and to a number of his graduate students, including 
Dr, Herman Bouwer, Dr. Gerard H. Bolt, Sidney Guralnick, and Guy 
Jean-Marie LeMoigne. The chapters on structure and compressibility in 
(his text are based in part on academic research under the author’s direction 
und in part on studies performed by Bolt for his doctoral thesis. Many 
of the illustrations in the text are based on material furnished by Empire 
Soils Investigations, Inc., of Ithaca, New York. Other information from 
equipment manufacturers is acknowledged separately. 


B. K. Hoveu 


Ithaca, New York 
July, 1957 
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CHAPTER 1 
INTRODUCTION 


Soil 


1-1. Meaning of Term Soil. According to geologists, the earth’s crust 
is made up of rocks and the so-called unconsolidated sediments as shown in 
ig. 1-1. The latter material is composed chiefly of solid particles derived 
from the physical and chemical weathering of rock plus varying amounts 
of moisture, organic matter, air, and other gases. As these sediments are 
exposed to the manifold influences of weather, temperature, biological 
activity, and other factors, they are further modified. Eventually, the 
surface layers become capable of supporting plant growth. To distinguish 
the arable surface layers from the more or less unmodified sediments 
beneath, the surface material is often termed soil. 

The distinction between soil and the underlying material is less im- 
portant in engineering as a rule than in geology and soil science, although 
(his and other similar concepts are extensively used in highway engineering. 
In foundation engineering, it is the practice to refer to all material above 
hod _rock simply as soil. Thus there is no implication 7 € term Soils 
engineering that only arable materials are of interest. 






1-2. Soil as a Construction Material. The soils engineer is required to 
(think of soil primarily as a construction material, that is to say, a material 
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which reacts in a predictable manner under given service conditions. Some 
progress has been made in developing analytical methods for use with 
soils, so that reliable predictions of this nature can be made. This develop- 
ment naturally began with limited applications of existing knowledge of 
strength of materials and principles of mechanics. Gradually it has become 
evident that many conventional engineering procedures and concepts of 
mechanics are not appropriate for use with soils. This is because of the 
many ways in which the fundamental properties of soils differ from those 
of other construction materials. Most materials dealt with in engineering, 
for example, are relatively homogeneous solids or liquids. Within the 
range of ordinary working loads as a rule, the solids consistently exhibit 
either elastic or plastic properties, and within ordinary temperatures 
liquids exhibit viscosity and other characteristics typical of liquids. Thus, 
for the requirements of standard practice at least, one set of rules or ana- 
lytical methods has been sufficient for each class of material. 

There has been some tendency to consider soil just one more type of 
material for which one more set of rules must be developed. Within the 
single designation soil, however, there are materials which among them- 
selves are fully as divergent in properties as concrete and water, and also 
materials which in a sense are unlike either concrete or water. It is as 
difficult to develop a single set of analytical procedures for soil as it would 
be to develop a single set for all other engineering materials put to- 
gether. 

Rather than being either a solid, liquid, or gas, soil is a combination of 
very dissimilar materials in all three of these states of matter. Even its 
solid phase differs from true solids in that it is discontinuous and par- 
ticulate in nature, both coarse-grained soils and the smoothest clays 
being made up of numberless separate particles. Thus the strength and 
behavior of soil generally is a function of the group action of the particles 
and the interaction of the solid, liquid, and gaseous phases. 

In common usage the single term soil is applied indiscriminately to 
finely divided materials, which form colloidal systems, and_to_coarse- 
grained materials, in which gravitational and mechanical effects pre- 
dominate. Interaction of phases in these two systems, however, is So dif- 
ferent in effect that the soil in one category may have the properties of a 
liquid, while the soil in another resembles a solid—although physically the 
composition of the two soils may not be too dissimilar. 

An additional point of contrast between soils and other construction 
materials is the extent to which soils are affected by factors other than 
applied loading. The properties of soil may be so drastically altered by 
wetting and drying, for example, or by incidental disturbance that effects 
attributable to loading may be a secondary matter. 

Because of the great variety in the nature and characteristics of soils, it 
becomes advisable for the engineer to have rather more knowledge and 
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understanding of fundamental properties of soils than of other constructi 

materials. It is traditional in certain engineering fields, for exam ie 
consider that physical tests provide sufficient information for desi oe 
poses and that a study and understanding of fundamental eaten: a8 
erties is not required. Physical testing of soils without adequate inf a 
tion on fundamentals, however, has often proved to be eecliaes ae 
actually misleading. The requirement for a basic understanding of f oe 
mental properties in soil-testing exists to an even greater de . cae in 
analyzing and predicting behavior in natural soil formations laces 


Soils Engineering* 


1-3. General Nature. Structures and earthworks of all kinds are 

structed in or on some natural soil or rock formation. The soils en a 
is concerned with the way the natural formation behaves when it ne 
as the foundation or an integral part of a structure. His Spoils 
cludes investigation of stability of the soil under proposed or existin fe ds, 
consideration of settlement and ground water movement, analysis of ] ne ‘ 
pressures, and many other similar matters. His duties bring an in : di 

with a very wide range of engineering works. A partial listing w: sald os 
clude structural foundations of many different types, highwa ae field 
pavements, bridge piers and abutments, retaining walla Sie and ock ‘ill 
embankments, dams and levees, canal and roadway cuts ‘shatia and i ce Is 

While emphasis on utilization of principles of mischanios led at one ti ae 
the designation of the whole field of soils engineering as soil Nehetees te 
(ochniques used today are derived from many fields, includin e : 
pedology, the soil sciences, architecture, engineering and aor cn tion 
practice. Thus the soils engineer, although working in : special field, n fi 
uve an unusually broad background of training and experience eee 


| gris Subdivisions. Soils engineering may be divided into at 
se : nao areas, each of which may be regarded as a special field 
5 tel ods 
7 self. 8 e subd ions are structural foundations, earthworks, and 
iighway and airfield construction. 9 r ae 
. Some concept of th 
eld is given below. z ern 
Structural Foundations 
One of oso ; eee 
me ane the most common tasks in designing a structure is the determina- 
: 10 1€ supporting capacity of the natural foundation material. Most 
; en, t . material in question is soil. Supporting capacity must be de 
c > y j > yt 1 : 
td with a view not only to preventing complete failure of soil or 
structure but to minimizing or eliminating settlement as well 
* Tt is common in pedologi i ‘ 
at gical terminology to refer ils i i 
ns rolog) refer to soils in general in the 
iis practice is reflected, for example, in the designation Bureau of Soils for eRe 


of the U, 8, Department of Agri T 
LA griculture, The use of the term soils engineering is in 
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Although certain structures are comparatively more flexible than others, 
an appreciable distortion or deflection of members in any structure is 
ordinarily undesirable. Even when no serious weakening of members 
cecurs, distortions may result in unsightly cracks in interior or exterior 
finish, in sloping or sagging of floors or ceilings, and in jamming of doors or 
windows or malfunctioning of other equipment. Accordingly, structural 
design normally includes consideration (and sometimes very careful 
analysis) of the deflections to be expected in all important members. 
Quite often the structural engineer or architect proceeds with his analysis 
on the assumption that, with a properly assigned soil bearing value, there 
will be no significant settlement of the entire structure or elements thereof 
even when the soil is a potentially yielding material such as clay. The 
soils engineer must be guided accordingly. With proper investigation and 
analysis, foundations can now be designed to meet the most exacting re- 
quirements. The day of regarding soil behavior, especially undesirable 
behavior, as an act of God has gone. Unsatisfactory foundations today 
are usually due to inadequate design or unauthorized changes in loading 
or service conditions. 

Solution of a foundation problem involves selection of the most appro- 
priate type of foundation as well as investigation of soil characteristics. 
Among the possible choices are spread footings, mats, piers, caissons, and 
piling. Each major choice in turn may be subdivided almost indefinitely. 
When piles are indicated, for example, wood, concrete, or steel piling must 
be considered, and in any one class such as concrete, many different types 
of precast and cast-in-place piles may be used. 

Structural foundations may also include retaining walls. Masonry 
walls of several types are used either as independent, free-standing units 
or as an integral part of a basement or substructure. Temporary sheeting 
for deep excavations for subways, trunk sewers, piers, or other structural 
elements often require most careful analysis. In this connection, drainage 
or cutoff of ground water may require consideration. 

A further consideration in the field of foundation engineering is the oc- 
casional need for the strengthening or reinforcement of existing foundations. 
This type of work is calle unning. includes the construction of 
supplementary foundation elements, such as extended footings, piers, or 
piling under existing foundations and stabilization of the soil itself through 
drainage, compaction, or some form of chemical solidification. 

As is true in nearly all soils work, subsurface exploration, sampling, and 
soil-testing are essentia! parts of the program. The soils engineer may not 
conduct these operations himself, but he is required to specify what must 
be done, and he must be able to evaluate and use the results obtained. 


Earthworks 
The construction of earth cuts and fills for highway and railway lines, 
roads and airfields, canals and stream diversions, earth dams and levees, 
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or any other project in which soil is at once the foundation and the con- 
wiruction material lies in the general area of earthworks. Here the soils 
engineer must utilize available materials to best advantage in fills; must 
assure the stability of unretained earth slopes whether in cut or fill: must 
control the movement, placing, and compaction of fill material; and in the 
vuse of earth dams, revetments, canal slopes, or shore lines, must guard 
iyzuinst the effects of seepage and wave action. 

. The experienced earthworks engineer will also have at least a general 

familiarity with the many different types of earth-moving equipment; 

in fact, this is an important part of his stock in trade. He will know whan 

Lo specify one or another type of roller and will understand the capabilities 

and limitations of various types of excavating machines and hauling and 

blading equipment. Special processes for stabilizing soil or for rendering 
soil impermeable may also be required in the course of earthworks 
construction. 

Highways and Airfields 

In the field of highway and airfield engineering as well as in structural 
engineering, there are also foundation and other soil problems. Aside from 
hridges and culverts the main structure to be supported is the pavement 

\ ith its moving traffic. Investigation of subgrade and base course charac-— 

lorist ics is one of the assignments of the soils engineer. Subgrade support- 
ing capacity is very often much more difficult to establish on any rational 
hasis than bearing capacity for structural foundations. This is partly 
because subgrade material so often is influenced by freezing and thawing 
wetting and drying, and other disruptive forces. The structural erigineer 
simplifies his problem by extending foundations to a depth where these 
oflects are eliminated or at least minimized. In the past at least, the high- 
way and airfield engineer was seldom able to follow suit. Modern practice 
in construction of the more important highways and airfields, however, is 
beginning to make special provision in base course construction and dain 
age to reduce seasonal variations in subgrade characteristics. 

Soil surveys, including sampling and testing, are as necessary in this 
ficld as in any other soils engineering activity. Somewhat different methods 
must generally be used, however, since a highway may extend over many 
iniles, while a structure may cover an area only a few hundred feet square 
The special methods used in soil surveys for highways and airfields an 
hased in part on pedological concepts or knowledge of soil forming processes 
« consideration which contributes to a distinction between the surveys for 
this and other engineering projects. 


Prerequisites 


While the nonspecialist has no intention of acquiring an extensive 
knowledge in all branches of the subject, it may be of interest to learn the 
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sources of information on which soils engineering principles and practices 
are based. 


1-5. Geology. Defined as “the science which treats of the history of 
the earth and its life, especially as recorded in the rocks,’’* geology is one 
of the oldest of the organized fields of knowledge dealing with soils. Since 
oil is derived from rock by the various processes of physical and chemical 
and _since sedimentary rock such as sandstone and shale may 
in turn develop from soil, the geologist’s interest extends to all com 
of the earth’s crust, whether rock or soil. The division of geology known 
as geomorphology, which deals with the origin and nature of the various 
recognizable land forms, is of particular interest and importance to soils 
engineers. It is by identifying land forms and having an understanding of 
the manner in which they have developed that it is possible to predict 
with reasonable accuracy what soil types will be found within allotted 
areas. Recently great stimulation has been given to this process by use 
of air photos to reveal land forms more clearly. The new civil engineering 
specialty, air-photo interpretation of soils, is largely a development or 
extension of geomorphology. A background of geology with or without 
this specialty is generally considered a prerequisite to formal instruction in 
soils engineering. 








1-6. Pedology. Pedology is a more recently developed science than 
geology. dt is devoted primarily to the study of soil and soil forming pro- 
cesses. Pedologists are concerned with the transformation of rock and raw 
subsoil formations into arable surface soils. Geological history is one, but 
only one, of the considerations in the process; climate, biological activity, 
topography, soil chemistry, and other factors are also involved. Pedological 
classification systems which have been generally adopted by highway en- 
gineers group soils on the basis of similarities in character and formation 
processes. 


1-7. Soil Physics and Chemistry. The fine mineral particles of which 
clays are composed, together with the water, air, gases, and dissolved sub- 
stances which occupy the intervening pore spaces, make up a very complex 
system. Scientific investigation of the fundamental properties of such 
systems is the province of the soil physicist and colloid chemist. Much of 
the available literature in soil physics and chemistry stresses matters of 
interest and importance in agronomy. However, certain information of 
this nature is invaluable in explaining the engineering behavior of fine- 
grained soils and in developing methods of improving certain soil properties. 
The prospect is that in the future more reference will be made in soils en- 
gineering to the physics and chemistry of soils than has been the case in the 
past. 


* Webster’s New Collegiate Dictionary (Springfield, Mass,: G,&C, Merriam Co,, 1056), 
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1-8. Civil Engineering. The branches of engineering which relate par- 
ticularly to soil problems include hydraulics, strength of materials, me- 
chanics, and structural engineering. Hydraulics has obvious application in 
problems involving ground water movement and pore pressures. A back- 
ground of knowledge in strength of materials and mechanics is one of a 
number of requirements in the planning and interpretation of soil tests and 
in estimating the strength and behavior of natural soil formations. Struc- 
(ural engineering is necessary for an understanding of the design require- 
ments for and the behavior of structural foundation elements and the 
probable extent and significance of deflections and stress concentrations 
created in the relatively rigid structures supported on soil. 

It may be shown, however, that a background of training and a con- 
firmed habit of thinking along conventional lines in these civil engineering 
subjects alone may be more of a handicap than a help in reaching a full un- 
derstanding of soil behavior. The strictly engineering viewpoint may ex- 
clude recognition of the many other factors of equal or greater importance. 


1-9. Construction Experience. The soils engineer particularly needs a 
first-hand familiarity with many different types and methods of construc- 
(ion, besides the above indicated technical knowledge. It is seldom possible 
(o practice successfully in this branch of engineering without spending long 
periods in the field, not merely as an observer or consultant but in re- 
sponsible charge of work. In fact, many important contributions to soils 
engineering have been made by men who lacked technical education but 
who possessed a wealth of practical construction experience. 


1-10. Costs. Finally, as in any branch of engineering, the soils engineer 
must be fully acquainted with costs. No matter what the merits of a 
proposal may be from a theoretical or mathematical viewpoint, it will 
usually be rejected and the proposer discredited if it involves excessive or 
unnecessary cost. 


Methods 


1-11. Empirical Approach. The oldest and still most commonly used 
method of dealing with soil problems is what may be called the empirical 
approach. The empirical approach is the process of designing or construct- 
ing the new entirely on the basis of experience with the old without reference 
to science or theory. For example, if footings designed for a certain bear- 
ing pressure on a particular soil prove satisfactory in one case, the same 
bearing pressure is used as the basis for design in another case when there 
is reasonable assurance that conditions are the same at both locations. 

The success of the empirical method depends largely on being able to 


eo TT ———————— 7 s . 
distinguish those properties of soils which are truly indicative of behavior 


~ frony Whose which-wrenots Iris usually not significant for foundation en- 
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gineering purposes, for example, that sand at one location is brown, while 
at another it is red or that one clay is blue, while another is mottled. 
Differences in soil texture, gradation, density, and consistency, however, 
are recognized as being very significant in respect to behavior. The latter 
are, therefore, known as index properties of soil. Fortunately they are 
relatively simple of determination. Use of the empirical method requires 
familiarity with all index properties of soil and the probable range of values 
of each for different soil types and conditions. 


1-12. Analytical Approach. In contrast to the empirical is the analytical 
approach, which, as used in soils engineering, is similar in principle to meth- 
ods used in structural engineering. It involves an analysis of the stress 
distribution created by given conditions of loading and a knowledge, usu- 
ally based on laboratory tests, of the stress-strain characteristics of the 
material soil which is subjected to loading. Proper proportions of founda- 
tion elements can then be determined by calculations, settlement can be 
predicted, and so forth. 

Analytical processes require stress analysis and the quantitative determi- 
nation of such soil properties as shearing strength, compressibility, amount 
and nature of deformation under load, permeability or resistance to ground 
water movements, and other similar characteristics. These characteristics 
must be determined experimentally, and due to the variable nature of soil, 
tests must usually be conducted for each site. It is often necessary in 
analyzing soil problems to make simplifying assumptions as to uniformity 
of material and permanence of conditions. In view of the variability of 
soil, as previously described, such assumptions place inherent limitations 
on the value and accuracy of results obtained by any analytical process, 
limitations which cannot be overcome by use of advanced theory or com- 
plicated mathematical operations. Nevertheless, experience has shown 
that certain analytical procedures give results which are in reasonable 
agreement with observations on actual structures. Thus it appears possible 
to utilize analytical procedures with soils under certain conditions in spite 
of the many natural obstacles. 

While there is a general tendency in engineering to turn from empiricism 
wherever possible and to extend the use of analytical methods, it is certain 
that this transition will not take place overnight in soils engineering, and it 
appears that there are certain practical reasons for the permanent retention 
of many empirical methods. Accordingly, this text contains material re- 
quired for application of both methods. The early chapters present in- 
formation on physical index properties and on strength and stress-strain 
characteristics; the later chapters contain discussion of procedures for 
utilizing this information in determining soil stability and supporting ca- 
pacity in many types of engineering works, 
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1-13. New Developments. It is interesting to note signs of a new ap- 
proach to certain problems. Traditionally, the engineer expects to adapt 
\he design of a proposed structure to existing soil conditions. Now, in - 
vertain cases when soil conditions are unfavorable, it appears feasible to 
improve them in one way or another. Usually improvement is based on soil 
vompaction: ever increasing attention is being given to improvement of 
subgrades, base courses, and embankments by various types of compaction. 
‘This has been facilitated by advances in design and construction of rollers 
wnd other compaction equipment. Possibly more dramatic is the develop- 
nent of methods for compacting existing formations to considerable depths 
lwlow the surface in order to improve their supporting capacity for struc- 
\\wral foundations. For loose granular soils, vibrating compactors are being 
wed, while for soft silts and clays various methods of compression and 
improvement of drainage are being utilized. Under certain special con- 
(ditions chemicals may be injected into or admixed with soils to solidify 
(hom or render them less pervious. Whenever any of these various methods 
tun be used economically to accomplish a desired alteration in soil proper- 
(ion, there is the prospect of making soil conform to design requirements 
rather than adjusting design to fit the existing characteristics of the soil. 
While it is necessary to maintain a conservative attitude as to what may 
1 wecomplished in this way, if such methods can be extended and improved 
i practicability and economy, the nature of soils engineering might undergo 
very extensive change. 


PROBLEMS 


1-1. Define the term soil (a) as used by pedologists, (b) as used in soils engineer- 
Hig, 

1-2. What is the principal difference in nature between soil and a solid material? 

1-8. Is the behavior of soil significantly affected by factors other than loading? 
lxplain. 

1-4. How is it possible to classify soil by studies of air photos? 

1-6. (a) What are the main subdivisions of soils engineering? (6) What are the 
| erequisites for soils engineering? (c) What does the word empirical mean? 


CHAPTER 2 


INDEX PROPERTIES 


General Considerations 


The engineer’s/first_concern in examining a soil formation or a repre- 
sentative soil sample is usually to determine which properties will have the 
reatest effect on soil behavior and to establish quantitative or at least 
Fundamentally, soil is a far more complex material than is generally 
realized. The complexity of its nature is due partly to the fact that it is a 
Ci ination of solid, liquid, and gaseous phases and partly to the fact that 
in many cases a significant portion of the solid matter is so finely divided 
that it is of colloidal size. Furthermore, the relative quantities of solids, 
liquids, and gases in any given soil are subject to wide variation as a result 
of either controlled operations, such as loading, or of seasonal effects, such 
as wetting and drying, freezing and thawing. To comprehend soil behavior 
completely the composition and relative amounts of the various components 
must be known, and the interaction of the three phases must: be thoroughly 
understood. However, a complete chemical or physical analysis is seldom 
possible or even of practical interest in civil engineering applications. This 
is in contrast to the requirements of the ceramics industry and certain 
branches of agronomy in which chemical, and sometimes mineralogical, 
analyses are not uncommon. In soils engineering, the more readily ob- 
servable physical characteristics of soil frequently suffice as indexes of 
behavior. Textural appearance alone is a sufficient basis, for example, 
for distinguishing sands from clays, and these two designations carry with 
them well-known implications as to soil behavior. Textural appearance in 
turn is a reflection of particle size and shape, not composition. These soil 


properties and such others as water content and consistency are therefore 


known as index properties. 
Accordingly, one of the first steps in the engineering approach to pre- 


diction of soil behavior is to learn which physical characteristics of soils 
may be used as indexes and to become familiar with their range of values 
and engineering significance. Index properties in most common use are 
described below. Some, it will be observed, relate to properties of only 
one of the soil components, such as the solids, while others relate to charac- 
teristics of the whole soil complex, 


12 
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Soil Particles 


2-1. Origin and Composition 

Solids of Mineral Composition. Generally, the solids in natural soil 
formations have resulted from the disintegration of rocks and are therefore 
of mineral composition. The coarser soils contain mainly particles of the 
primary minerals, namely, those existing in present-day rocks, while clay 
particles are often composed of secondary minerals developed during soil 
formation. Processes leading to rock disintegration include in-place 
weathering and the fracturing and abrasion of particles incident to their 
(ransportation and deposition. Soil particles, gravel, and rock frag- 
ments are sometimes as sound and dense individually as unweathered 
rock itself. In certain cases, however, instead of being literally solid they 
ure to some extent fractured, pitted, or even porous and lack the hardness 
wnd density of the parent rock. Thus particles of residual soils may some- 
times be crumbled between the fingers. 


Organic Matter 

Surface soils and many underlying formations may also contain sig- 
nificant amounts of solid matter derived from organisms. While shell 
fragments and similar solid matter are found at some locations, organic 
inaterial in soil is usually derived from plant or root growth and consists of 
almost completely disintegrated matter, such as muck or more fibrous 
mutorial, such as peat. Soils, especially silts and clays, are r i- 
lied as organic or inorganic, depending on whether or not the 
significant amounts of organic material. Even small amounts* of organic 
matter may significantly influence soil compressibility. In the following 
(iscussion of solids, however, reference is to mineral particles except when 
specifically noted otherwise. 


2-2. Particle Size 

Individual Diameters. Particle size is customarily expressed in terms of a 
single diameter. For the larger particles at least, this is taken as the size 
of the smallest (square) hole, as in a sieve, through which the particle will 
paw, It is not necessarily the smallest of the three mutually perpendicular 
dimensions of the particle. A particle roughly shaped like a brick, for 
example, with dimensions of 8, 4, and 2 mm. would not pass through a 
hole 2% 2 mm. in size but would pass through a 4 X 4 mm. hole. It 
would therefore be said to have a particle diameter of 4 mm. 

Range in Size 

’he range in size of ordinary mineral particles in soil is from about 
10 mm. (%@ in.) to 0.00001 mm., or 0.01 micron (x). It may therefore 

* Organic content data are often reported as a percentage of total dry weight of soil. 


Minoo organic matter is so much lighter than the mineral solids, an organic content of a 
fow percent may indicate a relatively large volume, 
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be said that the largest particles are approximately one million times the 
size of the smallest. This range includes particles which are visible to the 
naked eye as well as particles of microscopic and even submicroscopic size. 
However, the most important consideration is probably that this range 
includes particles sufficiently large to be affected primarily by gravitational 
forces, and also particles so small that gravitational forces become secondary 
in effect to those which operate in colloidal systems. Particulate materials 
in which gravitational forces predominate differ markedly in behavior from 
those of a colloidal nature. The dividing line with respect to particle size 
and behavior may be taken roughly as the upper limit of the colloidal size 
range,* which is approximately 1 or 2 microns. Thus it is significant that 
in certain soil classification systems, 2 microns is the lower limit of the sand 
and silt size range and the upper limit of clay. 


2-3. Fractionation. It is seldom of practical interest in engineering 
to make precise measurements of the diameters of individual particles. 
Usually it is sufficient to determine the relative amounts of material 
containing particles either within certain size rangest or with particles 
larger or smaller than one particular size of special significance. A de- 
termination of the latter type may readily be made with a single sieve. 
The No. 4 sieve (4 mesh openings per in.) is often used in this way. The 
material retained on the No. 4 sieve, obviously composed only of particles 
larger than the size of the openings (4.76 mm.), is referred to-as the-plus 
four fraction. That passing is termed the minus four fraction. The latter 
is also known as the binder, while the coarser material in some cases is 
termed stone. Thus a separation of soil on the No. 4 sieve might be con- 
ducted to determine the stone content of a relatively coarse material. 
Results would be expressed in terms of percentage of the total sample by 
weight which is coarser or finer than the particular sieve size. A similar 
separation of a sample on the 200-mesh sieve would have significance, 
since this is the generally accepted dividing point between what are termed 
coarse-grained and fine-grained materials. The 200-mesh sieve is the finest 
one commonly used in analyzing soils. Consequently, material which 
passes this sieve is often called subsieve-sized material. 

For determining the total range of size of the particles in a given sample, 
two sieves are obviously necessary: one just coarse enough to pass the 
entire sample, the other just fine enough to retain the entire sample. 
When a sieving operation of this nature is to be conducted, however, it is 
common practice to use a number of intermediate sieves as well in order to 

* The lower limit of the colloidal size range is approximately the upper limit of the 
molecular range and is of the order of magnitude of 1 Angstrom (A). The most finely 
divided clay particles have a thickness of about 10 Angstroms, 

+ Many materials specifications, especially those which apply to subgrade and base 


course construction, establish limits on the amount of the total sample which may 
contain particles of certain sizes, 
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determine the distribution of sizes within the total range. Use of sieves in 
(his manner is illustrated in Fig. 2-1. Material finer than the openings in 





‘ W.S. Tyler Co 
Fic. 2-1. Fractionation by sieving. 


(he 200- or 270-mesh sieve is commonly analyzed by a sedimentation pro- 
von in whieh rate of settlement* is used as an index of particle diameter. 
When a hydrometer is used for periodic determinations of the density 
of soil suspensions prepared for this purpose, analysis by sedimentation is 
lormed a hydrometer test. In soils engineering, particle-size investiga- 
(lonw are made almost exclusively by sieve or hydrometer test. Micro- 
wopic examination of particles, though common in certain other fields, 
in rarely considered necessary in ordinary engineering practice. 

‘The physical separation of a sample by any method into two or more 
fructions;erct-containing only particles of certain sizes, is termed _fraction- 


ution, The determination of the weig ar 








* Rate of settlement is related to particle size by means of Stokes’ law which states 
(hut under specified conditions the sedimentation velocity of a particle of given com- 
position ina given liquid is proportional to the square of the particle diameter. 
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only particles of certain sizes i ‘ Se. Mechanical particles smaller than the size shown against the particle size in millimeters. 
analysis is one of the oldest and most common forms of soil analysis. It ‘This is conventionally a semilog plot, a logarithmic scale being required for 


provides the basic information for revealing the uniformity or gradation purticle size because of the tremendous range in values. In the form 
of materials within established size ranges and for textural soil classifi- specified by ASTM and AASHO, particle sizes are plotted from left to right 
cations. in order of increasing magnitude. When this convention is observed the 


accumulation curve slopes generally upward from left to right. The 
Opposite convention for plotting particle diameters with particle sizes 
ilecreasing from left to right, as shown in Fig. 2-3, appears to be equally 
well established, however. With this latter convention, the curve, which is 
relerred to simply as a gradation curve,* slopes generally downward to the 
right. ‘The first convention is most_widely used in highway and sirfeld 
(gineering, the latter in foundations and earthworks engineering t 

(he latter convention the ordinates to the curve are usually termed percent 


finer, the abscissa, particle diameters. According to ASCE nomenclature, 


particle diameter_is desi percent finer, W%. This latter term 
indicates the percentage by weight of total sample which is exclusively 
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= 8 S S Ss S S S S & 8 8 Ss 8 8 8 8 womposed of particles smaller than a designated diameter. Thus the curve 
Particle Size in mm. = in lig. 2-3 indicates that the total sample or 100 percent is finer than 
After AASHO Testing Specifications 10.0 mm., 50 percent is finer than 0.10 mm., and so forth. The particle 
Fic. 2~2. Grain-size accumulation curve. dinmet ‘er at the point for which 17% = 10 percent, is widely known_as 
\ho effective sizet and is designated Dy This convention was proposed by 
2-4, Mechanical Analysis Allon Hazen§ about 1892, who found that reasonably accurate correlation 
Graphical Presentation. Data from a mechanical analysis of soil would be established between this index property of graded filter sands and 
may be presented in either a graphical or tabular form. Both the ASTM* (heir permeability. 


and the AASHO} specify that the graphical form when used will be pre- 
pared as illustrated in Fig. 2-2. Known as a grain-size accumulation curve, 
this form of presentation is a curve obtained by plotting the percentage of 


V'abular Presentation of Data 

As an alternate to the above described graphical form, a tabular form 
inuy be used for presenting mechanical analysis data. Such a form lists 
100 only the percentages finer than certain specified sizes. These may be the 
alvow of openings in a certain series of sieves, or they may be particle diam- 
elors which have significance with respect to textural classification or to a 
wading specification. A form recommended by AASHO, with excerpts 
from the test specifications, is illustrated in Fig. 2-4,||° 

‘The graphical representation of test data involves slightly more expense 
(han the tabular, since points must be plotted, curves drawn, and prints 
obtained. However, a gradation curve makes it possible to estimate the 
percentage of total sample in any size range regardless of the points at 
which actual W%, D determinations were made. In particular, the 


Percent Finer, W% 


0.05 0.02 0.01 


* Sometimes, grain-size distribution curve. 
. : ee { American Society of Civil Engineers. 
Particle Diameter in mm. Nor the curve in Fig, 2-3, Dio = 0.0048 mm. 
Fia. 2-3. Gradation curve. in TwentyMourth Annual Report. Commonwealth of Massachusetts, Board of Health, 
An, 
* American Society for Testing Materials. || Percentages are included for illustrative purposes, Quoted values are for accumu- 
} American Association of State Highway Officials, lation curve presented in Fig, 2-2, 
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determination of the effective size is facilitated in this way, as it would be 
purely a matter of coincidence if 10 percent of the sample were finer than 
the mesh size of a particular testing sieve or other tabulated point of frac- 
tionation in a mechanical analysis. The graphical form also has advantages 
in revealing gradation, a subject which is discussed below. 


AASHO Designation T88-49: 


16.(a) The results, read from the accumulation curve, shall be reported as follows: 


(a) Particles larger than 2mm............. 00000 cece ee eee eeee 18* % 
(b) Coarse sand, 2.0 to 0.42 mm............ cece cece eee ee ee eee 4*% 
(c) Fine sand, 0.42 to 0.074 mm............. 00. e cece eee 23* % 
(d) Silt, 0.074 to 0.005 mm... 2.2.0... eee cece eee eee eee 45* % 
(e) Clay, smaller than 0.005 mm...............0000 cece eee ee 10* % 
(f) Colloids, smaller than 0.001 mm...................000 0000s 3* % 
(b) .. . For materials examined for any particular type of work or purpose, only 


such fractions shall be reported as are included in the specifications or other require- 
ments for the work or purpose. 
* Values from Fig. 2-2 inserted for illustrative purposes. 


Fic. 2-4, Presentation of mechanical analysis data in tabular form. 


2-5. Gradation 

Typical Forms. It is often a matter of considerable importance to 
establish not only the total range of particle sizes in a soil specimen but 
also the gradation or manner in which size variation occurs within the total 
range. Typical possible variations are shown in Fig. 2-5. This figure 
presents gradation curves in somewhat generalized form for three specimens, 



























100 
Pa hd 
oS sis 
Sh 
Pople lal 
eS 
+ 40 
Se 
iL 
20 
pe ae 
0 heed 
10.0 5.0 20 10 05 02 O.1 = 0.02 0.01 0005 0.002 0.001 
, Particle Diameter in mm 
as 
. 4 ‘al; wy Total range of particle sizes, 


all three curves 


Fia, 2-5, Distinetive types of gradation, 
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cach having the same range of particle sizes but different gradations. 
Curve A in this figure represents a specimen with an even distribution of 
xizes, curves B and C, specimens with heavy concentrations of material in 
limited sections of the total range. Eighty percent of specimen B, for 
example, is in the fairly narrow size range from 0.11 mm. to 0.08 mm. 

(iradation is described as good or poor, depending upon behavior of the 
soil in engineering applications. Good gradation is represented by curve A, 
since such material is relatively stable, resistant to erosion or scour, can 
readily be compacted to a very dense condition, and will develop high 
shearing resistance and bearing capacity. One form of poor gradation is 
opresented in Fig. 2-5 by curve B. Specimen B is primarily composed of 
purticles of a single size (about 0.1 mm.). It contains insufficient fines to 
{ll the voids between the larger particles and consequently will have an 
open, porous structure despite compaction. As a result it will be more 
wusily displaced under load and will have less supporting power. Specimen 
(‘ is termed skip-graded. This is also a form of poor or uneven gradation 
focause the specimen is almost completely lacking in particles from 0.25 
(0 0.03 mm. in diameter which are intermediate between the particle sizes 
in its two main fractions. The characteristics of suck a material are usually 
(lominated by those of the finer fraction, the coarse particles being in effect 
simply inclusions in the matrix formed by the fine material. 

‘Vorminology relating to gradation’ can sometimes be confusing. The 
inuterial represented by curve B is often referred to as a wniform material 
since it is composed primarily of particles of a single, uniform size. Curve A, 
however, represents a material with a uniform variation in particle size 
or What has been called uniform gradation. Thus it is necessary to recognize 
(hut uniform soil and soil with uniform gradation are actually very different. 
In fact, the term uniform gradation is to be avoided altogether. The 
(losignation gen gradation is much to be preferred. 


Uniformity Coefficient 

‘he above discussion indicates that soil gradation is reflected in the 
shape and slope of the grain size or gradation curve. A steep or broken 
slope indicates poor gradation for most engineering purposes; a gentle, 
even slope, good gradation. Because of lack of standardization of the ratio 
hatween W% and particle diameter scales, the actual slope of any given 
curve may be misleading. This difficulty is largely eliminated when 
lope is referred to in terms of the Hazen uniformity coefficient, C,. This 
wooflicient, also proposed by Allan Hazen, is the ratio of the diameter at 
the 60 percent finer point and that at the 10 percent finer point on the 
wradation curve, or: 


(2-1) 
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in which 


C.. = uniformity coefficient (Hazen’s)* 
Deo = 60% size 
Dy = effective size 


The use of the term uniformity coéfficient is perhaps most common in 
sanitary engineering. However, it is important for soils engineers to 
retain at least a general impression of the range in magnitude of this 
coefficient for natural soils. The most uniform granular material commonly 
encountered in engineering is probably standard Ottawa sand, a commer- 
cially processed silica sand which has a uniformity coefficient of approxi- 
mately 1.1. An ordinary beach sand “processed’”’ to some extent by wave 
wash would have a coefficient of about 2 to 6. A well-graded mixed soil 
ranging from gravel sizes to clay might have a coefficient of 25 to as much 
as 1000. These and values of other index properties are summarized in 
Fig. 2-9.f 


2-6. Textural Classification 

Definition of Texture. In common usage, texture refers to the appear- 
ance of the surface of_a material, such as a fabric "The term ie used in 
the same manner with reference to soils. Soil texture or surface appear- 
ance is largely a reflection of particle size, shape, and_gradation; hence a 
textural classification is one which is based almost entirely on these soil 
characteristics, often on particle size alone. There are many other bases 


for classifying soils.{ All classification systems, however, make use of the 
textural classes discussed below. 


Textural Classes 

jor classes in which soils may be grouped on the basis of texture 
are gravel, sand, silt, and clay. In additton, erm loam is widely used for 
certain combinations of sand and silt. These terms are universally familiar, 
but their connotation varies somewhat in different areas. To many people, 
for example, the designation silt indicates a soft, impalpable sediment such 
as that commonly found in quiet reaches of streams or lakes. In other 
words, it carries an implication of a weak, unstable condition as well as a 
fineness of texture. As used in soils engineering, the term is intended to 


‘ 0.18 
*In Fig. 2-3, C. = —— = 37. 
In Fig. 2-3, 0.0048 37.5 


t See also Fig. ATV-1 in the Appendix. 

{ Many empirical methods for solving problems in soils engineering depend on cor- 
relation of soil behavior with a limited number of soil characteristics of particular 
significance. Thus a number of classification systems have been developed, each in- 
tended for a special purpose and having in the main a different basis, As each major 
division of soils engineering is discussed in this text the related soil classification system 
(if there is one) is described, ; 
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indicate merely a relatively fine particle size, intermediate between sand 
and clay. The condition, which requires supplemental description, may be 
soft or very firm. Under certain conditions silt formations may be used to 
support considerable loads. The soils engineer occasionally finds that his 
accustomed use of the term is confusing to the layman. 

Another difficulty exists in the use of the term loam in engineering. 
Aw used in soil classifications for agricultural purposes, loam indicates 
nol only a certain combination of particle sizes but also that the soil is 
favorable for the growth of many varieties of plants or crops. This carries 
(he implication at least of a significant organic content. To the engineer 
organic matter is usually an objectionable soil component, since iti es 
wompressibility. Thus the engineer would not classify a clean mixture 
ol sand and silt as a loam, for fear that there might be an unwarranted im- 
plication of organic content. In view of this situation, the term loam is 
rarely used in foundation engineering. 

Difficulty also exists in regard to the use and significance of the term 
clay. In common usage, clay denotes a material which not only has a 
certain appearance but also certain well-known physical characteristics, 
wuch as plasticity and cohesion. Finely divided silts often have the ap- 
pourance of a clay and in fact are sometimes incorrectly classified as clay 
on this account. The soils engineer leans toward the generally accepted 
implication of the term and is reluctant to use the classification clay 
solely on the basis of particle size and appearance. 

Soils may be given textural classifications on the basis of visual in- 
»pection only. However, there are occasions when it is desirable to assign 
exact particle size ranges to each class and to base classification on a 
luboratory-conducted mechanical analysis. There have been many pro- 





U.S. Dept. of Agriculture—1951 


2.0 0.05 0.002 
AASHO 
GRAVEL | SAND | _—_SILT CLAY 
2.0 0.074 0. 005 


(200-mesh sieve) 


CAA and BPR 
GRAVEL [_sanv__—i SILT CLAY 
2.0 0,05 0, 005 


Via, 2-6, Textural classification specifications, 
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posals for establishing the limits of such ranges. Three examples are given 
in Fig. 2-6. 

The Department of Agriculture system is noteworthy in adopting 0.002 
mm. as the upper limit of the clay size range, since this coincides with the 
generally accepted upper limit of the colloidal size range. However, in 
most engineering systems the upper limit of the clay range is 0.005 mm. 
The limits adopted by the U. S. Public Roads Administration, namely, 
2.0, 0.05, and 0.005 mm., are widely used in engineering and may, therefore, 
be worth remembering. 

For convenience in plotting mechanical analysis data and in making 
textural classifications, it is common practice to print standard sieve sizes 
and the limiting sizes for each textural class in conjunction with the 
particle diameter scale on gradation curve sheets, as shown in Fig. 2-7. 
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CAA & BPR Classification System 
Fic. 2-7. Textural classes in relation to gradation curve. 


The proportions of the different textural classes in a given sample may then 
be observed. 


Classification of Mixed Soils 

When the particle size range extends over more than two textural classes, 
the soil is frequently termed a mixed sotl, and its textural classification May 
become something of a problem. It is very important that the classifica- 
tion of a mixed soil be clear and concise and that it convey the correct 
impression of the nature of the soil to those who will work with it or who 


must predict its probable behavior.* Terms like silty, gravelly, sandy clay; 


* Almost every set of contract drawings for construction involving earthwork includes 
one or more sheets of boring logs or other record of subsurface investigation. When the 
soil descriptions given on such drawings are confusing, misleading, or incorrect, they 
not only fail in their intended purpose but may serve as the basis for a claim for extra 
payment by the contractor, 
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or clayey, silty, stony fine-to-coarse sand are awkward, to say the least, and 
ure often confusing. 

In an effort to simplify or standardize procedures for classification of 
mixed soil, many different systems have been devised. For the most part, 
these are special purpose systems, one intended for use in evaluation of 
airfield runway subgrades, others for highway engineering, and still others 
for pedological purposes, and so on. No system of textural classification 
lus been developed for general purpose use in preparing contract drawings 
for architects, engineers, and contractors in general practice. The author, 
when faced with this problem, has found the following rules helpful. 

‘Textural classification should have as its objective the identification 
of the soil fractions which with respect to engineering behavior may be 
regarded as the primary type and secondary type, respectively. It is 
usually unnecessary to indicate additional, minor soil types. Contrary to 
1. fairly widespread belief, the primary type with respect to behavior is 
not necessarily the textural class which constitutes the largest part of 
(he sample on a weight basis. Consequently a mechanical analysis may be 
misleading in this respect. With this as a premise the basic principles for 
woneral purpose classification are as stated below. 

A first consideration is the percentage of clay in the total sample. Clay, 
even when present in fairly small amounts, has a tendency to dominate 
uuil behavior. The amount required to dominate behavior may be arbi- 
\rarily set at_20 percent of the dry weight of the total sample. All soil may 
le divided into two main classes on this basis. When the clay fraction 
equals or exceeds 20 percent of the total sample, the prim i l 
vLAy. Secondary types for this class of soil may be indicated by the addi- 
tion of various adjectives: silty or sandy CLAY or CLAY with embedded or scat- 
tered stones or gravel. When clay is present in the amount of 30 percent by 
Weight or more, the sample is classified as cLAY without modifying ad- 
jectives under several classification systems, even though it obviously may 
contain as much as 70 percent coarser material. 

Soils of the second class are those in which clay is less than 20 percent of 
(he total sample. In this class a second consideration is involved, namely, 
wradation. There is an infinite number of possible gradations, but the three 
(ypes illustrated in Fig. 2-5 represent the chief variations. Classification 
of uniform soil presents few problems, as the particle size range extends 
over only one—or at most two—textural classes. There remain two prin- 
vipal types: the well-graded soil and the skip-graded soil. The behavior of 
1. well-graded soil with less than 20 percent clay tends to be dominated 
iuwler most conditions by its coarser fraction, especially if the range of 
particle sizes extends well into the gravel classification. The reverse is 
(rue of a skip-graded soil. It may be considered that the fines in a skip- 
waded soil constitute a sort of matrix in which the coarser particles are 
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embedded. Note that the coarse particles, if separated and surrounded by 
fines, may account for more than 50 percent of the total weight yet may 
occupy less than 50 percent of the total soil volume.* Thus the fine fraction 
of a skip-graded soil usually dominates its behavior and may be considered 
the primary type. The coarse-grained fraction, even though predominant 
on a weight basis, becomes the secondary type. 

Further subdivision of the three major soil groups defined above is 
necessary in developing practical working procedures for classifying all 
soils, but this can be accomplished by extension of the basic principles 
already stated. 

Another approach to the problem of classifying mixed soils is use of 
what is known as a triangular classification chart. The one illustrated in 
Fig. 2-8 was developed by one of the divisions of the U. 8S. Corps of En- 







Size Limits 
perenne to 0.05 mm. 
Si/t......0.05 to 0.005 mm. 

Phd Less than 0005mm, 


" pebceat SILT 
Lower Miss, Valley Div., U. S. Corps of Engrs, 
Fig. 2-8. Triangular classification chart. 


gineers. Like many such charts, it gives consideration only to the relative 
proportions of the sand, silt, and clay fractions of a sample. In fact it is 
commonly specified by organizations using such charts that only the minus 
No. 10 (approximately 2 mm.) fraction be used in a mechanical analysis. 

*Tf the unit dry weight of a soil is 120 Ib. per cu. ft, (a common figure) and the plus 


No. 4 material constitutes 60 percent of its total weight, the volume of the plus No. 4 
particles may be only about 45 percent of the total volume of the soil, 
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(liven the relative percentages of the sand, silt, and clay fractions, a point 
can be located on the triangular chart as shown by the dotted lines in 
l'ig. 2-8. The designation given on the chart for the area in which the 
point falls is then used as the classification of the sample. 

When a complete mechanical analysis has been made of a sample con- 
(uining gravel, the data may be adjusted as shown below to permit use of 
triangular classification chart. Data represented by the curve shown 
in ig. 2-7 are used in this illustration. 










Example 1 
Percent Percent 
of of —2 mm. 
Total Fraction 
Gravel........... +2mm. = 100 — 91 = 9 
Band cack dec ae es 2to 0.05 = 91—40 = 5l1........ 51/91 = 56.0 
Silt.......... ..0.05 to 0.005 = 40— 4 = 36........ 36/91 = 39.6 
Wah dbase —0.008mm.= 4- 0= 4........ 4/9. = 4.4 
2 MM: fractiON.s. cas csdeagie sae aeew eed es Disses hats 100.0 
Lotal Samples ,c niche ii ised o4 ee aes 100 


Hence the classification by triangular chart is silty SAND. 


2-7. Surface Area. Since certain effects, such as adsorption, occur at the 
surfaces of soil particles, it is sometimes desirable to know the total amount 
of surface area present in a given soil mass. Surface area is measured in 
(arms of specific surface, the aggregate surface area of the particles per 
ynit mass. There are two conventions as to units for specific surface, 
iumely, em? per gram of solids and cm? per cubic centimeter of solids.* 
I is believed that the first is the more common. It can readily be seen that 
for a given weight of particulate matter, specific surface will increase as 
individual particle sizes decrease. For sand the specific surface has a value 
of about 100 sq. em. per gm., while for clay the value may be 1000 times as 
much, or 100,000 sq. em. per gm. This considerable difference in specific 
surface is a factor in the difference in the adsorptive capacity of sands and 
«lays and many other significant characteristics. 


2-8. Particle Shape 
Distinctive Forms. Soil particles vary widely not only in diameter 
wnd specific surface but also in shape. Two major distinctions as to shape 
are generally recognized to be important in engineering, and there are in 
wddition many subdivisions. On the one hand are particles whose_three 
, the same order of magnitude; these are described as 





*L, D, Baver, Soil Physics (New York and London; John Wiley & Sons, Tnc., and 
Chapman & Hall, Lid,, 1948), pp, 10-11, 
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see Many of these bulky particles are approximately 
spherical. The opposite extreme of shape is exemplified by particles of 
platelike shape, many of which have a thickness less than one one-hundredth 
of their diameter. 

This extreme difference in shape is a reflection of a difference in the 
crystal structure and characteristics of the mineral of which the particle is 
composed. Primar inerals have n ne of marked weakness in any 
one direction. Consequently, particles of the primary minerals are pre- 
dominantly bulky in shape. Secondary minerals, however, have such 
planes and are subject to what is known as basal cleavage. As a result 
particles of the secondary minerals are of platey shape. Bulk articles 
as a rule are found in the coarse-grained_soil mely gravel, sand, and 
silt, while platey particles predominate in most clays. 

Bulky particles are further modified as to shape’ by transportation and 
other processes. The particles of water-borne materials, for example, are 
characteristically rounded, whereas other particles may be noticeably 
angular. A variation which may occur in the development of clay particles 
results in a rodlike rather than a platey shape. 

In particles which are coarser than the 200-mesh sieve, distinctive 
shapes may readily be observed. For most smaller particles either the 
optical or electron microscope is necessary for observation. For this 
reason it is only in recent years that information on the shape of the finest 
clay platelets has been available. 


Effect on Engineering Properties of Soil 


Particle sh rying degrees the maxim ity, the 
compressibility, the shearing strength, and other engineering properties of 


soils. In some instances it has greater influence than particle size. Particles 
of the primary minerals, for example, may be ground to the size of clay 
particles, yet if they remain bulky in shape, as is the general rule, the re- 
sulting material when mixed with water will not acquire all the properties of 
a clay. <A grinding process sometimes actually occurs in nature as rocks 
are transported by glaciers, producing what is known as rock flour. In 
respect to plasticity especially, this material may always be distinguished 
from a true clay. 
Accumulations of_platey particles, regardless of individual particle size 
~ equal diameter but bulky or angular shape. It has been possible to demon- 
strate, for example, that the inclusion of only moderate amounts of mica 
flakes in sand increases the compressibility of the latter to a value ap- 
proximating that of clay. It may also be shown that coarse-grained soils 
with angular particles have greater strength and bearing capacity than 
those whose particles are rounded, while in clays the inclusion of inter- 
locking, rod-shaped particles is a source of added strength, 
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2-9. Density of Solids 

Conventions as to Terms. Many enginecring problems deal with con- 
siderations of the weight and the volume of the solids in a mass of soil. 
‘Terms commonly used in engineering in such problems are wnit weight and 
specific gravity of solids.* 

In evaluating and using the above terms it is sometimes necessary to 
(ake into consideration the fact that soil particles, instead of being entirely 
solid, may be minutely fractured or slightly porous. When this is true, 
there is a difference between volume of solid matter and what may be 
termed the superficial volume of the solids. The superficial volume of a 
single particle is the volume which a particle of exactly the same shape and 
internal pore spaces if any and the volume of solid matter in an actual 
particle. The aggregate volume of solid matter in a soil mass may be 
measured by observing the displacement of liquid due to immersion of oven 
dried particles, providing measures are taken to free all the entrapped air. 
Measurement of superficial volume, however, is indicated by the amount 
of liquid displaced by soaked particles. 

Unit Weight of Solids 

‘The expression for unit weight of solid matter may be written 

nae (2-2) 
in which 
Ys = unit weight of solid matter 
W, = weight of solids 
V, =.volume of solid matter 


The unit weight of the soil particles, however, would be expressed as . 
W. 





Yr = V> (2 3) 
in which 
Yp = unit weight of soil particles 
W, = weight of solids 
V» = aggregate superficial volume of particles 
Unit weight of soil materials is usually expressed in units of pounds per 


cubie foot in engineering. The unit weight of the solid matter composing 
most soil particles ranges from about 155 to 175 lb. per cu. ft. The unit 
weight of weathered particles, however, may be as low as 120 lb. per cu. ft. 
‘These values compare with unit weights of 62.4 and about 150 Ib. per 
cu. ft. for water and concrete, respectively. Note that values of y, and 7» 


* The term density in its scientific sense is rarely if ever used in soils engineering prac- 
tloe, Density is mass per unit volume, Mass is a basic unit which is independent of g, the 
acceleration of gravity, The conventional designation for density is p, while that for unit 
woluhtiay, The relation between the two ia given by the expression y © pg. 
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are completely independent of the density of packing of the particles in a 
soil mass. 

Specific Gravity 

The specific gravity of the solid matter in a soil particle may be defined 
as the ratio of the unit weight of the solid matter to that of water. An 
expression for specific gravity of solids may be written in the following 


terms: 
Ys _ W./V. _ Ws 








G = 2-4 
. Yw Yw V sw ( ) 
in which 
G = specific gravity of solid matter (sometimes termed Jrue spe- 
cific gravity, sometimes termed absolute specific gravity) 
W, = weight of solids 


V, = volume of solid matter 
Yo = unit weight of water 


As in the case of unit weight determinations, it is sometimes necessary 
to utilize a term which indicates the specific gravity of the individual 
soil particles rather than the solid matter of which they are composed. 
The conventional term used for this purpose is the bulk specific gravity, 
which may be expressed as follows: 





W, 
G =, Vow (2-5) 
in which 
» = bulk specific gravity of soil particles 
basa W. = weight of solids 
(VV V, = aggregate superficial particle volume 


Yo = unit weight of water 


Specific gravity values like those of unit weight of solids are independent 
of the density of packing of the soil particles. However, unlike unit weight, 
G and G, are dimensionless terms. The ordinary range in value of ¢ is 
from about 2.5 to 2.8. Values for particular soils are obtained from stand- 
ard laboratory tests. For many approximate calculations, however, it is 
entirely justifiable to assume that the value of G is 2.65 or 2.7. Values of 
G, range from about 2.0toG. It is seldom justifiable to make an assumption 
as to the value of G,. The circumstances which require the use of this term 
are usually such that test values must be obtained. 

Specific gravity values are used frequently in soils engineering, chiefly 
in calculations relating to the in-place density and compaction of soils. 
As explained in a later section, compaction or soil density (as distinct from 
solid density) depends on the relative volume of solids and intervening pore 
spaces in a soil mass. Volume measurements are often difficult to make 
even in a laboratory. However, reasonably accurate weight determinations 
can be made both in the field and laboratory, ‘Thus it is common practice 
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to use weight data and specific gravity values to calculate solid volume. 
Illustrative examples of typical calculations are given below. 
Example 2 


Given: The oven-dry weight of one cubic foot of soil is 100 lb. 
Required: Find the volume of solids. 

For ordinary calculations it may be assumed that the desired weight-volume 
relationship is indicated by the true specific gravity, G. In such a case the given 
data may be supplemented by assuming that G = 2.7, a value which the student is 
expected to remember.* On this basis the calculation is made as follows: 


Ww. 


e im Vsw 





or 


V, = pn = 0593 cu. ft. Ans. 


From the above calculation it is evident that the pore space in the 
|-cu.-ft. soil sample has a volume of 0.407 cu. ft. Strictly speaking, this 
volume includes both the space between the particles and the interior 
space due to honeycombing or minute fracturing of the particle itself. 
It is, in short, all the volume in the soil mass which may be occupied by 
water. In a compaction operation the interparticle pore space is subject 
(o variation by rolling, tamping, and other processing; the pore space 
within the particles is not. It would be in such a case that it might be 
quite important to determine the superficial volume of the solid particles. 
lor this calculation the bulk specific gravity would be used. Assuming 
that a value of G, = 2.4 is obtained from laboratory tests, the calculation 
would be made as in the following example: 

4, 
We CL 
Vow / 


Example 3 
Gs = 
or 


W. | 100 _ 
V,= oa, “Say 4 0.668 cu. ft. Ans. 


The indicated void volume in this case is 0.332 cu. ft., which differs 
from the previously o tained value by some 18 percent. 


Soil Density 


2-10. Definition. Density in accurate scientific usage is defined as 
mass per unit volume and usually relates to a single homogeneous, or 
isotropic, substance, In soils engineering, however, the term soil density 
(as distinet from density of solids) is used rather loosely in reference to the 


* The student is alao expected to remember that yw @ 62.4 lb, per cu, ft, 
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Unit Weight! (Ib. /cu. ft) 
Void Ratio Porosity (%) | Dry Wt Yay | Wet Wt.» Yuet | Sub. Wt., Yeub 


(dense)| (loose) 
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Part. Size & Gradation 


Approx. Size}]Approx.|Approx. Ra 
Range (mm.) if. 











Granular Materials 

















1. Uniform Materials 





a. Equal spheres (theoretical valucs) 

b. Standard Ottawa SAND 

c. Clean, uniform SAND (fine or medium) 
. Uniform, inorganic SILT 





. Well-graded Materials 
a. Silty SAND 

b. Clean, fine to coarse SAND 

c. Micaceous SAND 

d. Silty SAND & GRAVEL 


Mixed Soils 


1. Sandy or silty CLAY 
2. Skip-graded silty CLAY with stones or rk. frag. 
3. Well-graded GRAVEL, SAND, SILT & CLAY mixture 
























Clay Soils 


1. CLAY (30 to 50% clay sizes) 
2. Colloidal CLAY (-0.002 mm. = 50%) 





0.05 |0.5y | 0.001 
0.01 | 10A - 


Organic Soils 





1. Organic SILT 
2. Organic CLAY (30 to 50% clay sizes) 





{ Applicable for very compact glacial till. Unusually high unit weight values for tills 


*Granular materials may reach émax when dry or only slightly moist. Clays are sometimes due not only to an extremely compact condition but to unusually high 
reach é€max ovly when fully saturated. specific gravity values. 

+ Granular materials reach minimum unit wet weight when at émax and with hy, § Applicable for hardpan. 
scopic moisture only. Clays reach minimum unit wet weight when fully saturated Cnrerav Nore: Tabulation is based on G = 2.65 for granular soil, G = 2.7 for clays, 
€max. The unit submerged weight of any saturated soil is the unit wet weight minus and G = 2.6 for organic soils. 


unit weight-of-water...—~=~~—~SSCSCSSCSOSOSSS = 
; woil index properties. 
Via. 2-9. Typical vi 
a given soil mass or in terms of relative volumes of voids and solids in the 


concentration or packing of the solids in a given mass of soil. Thus it is hil 


common to describe certain soils as having high or low density, depending 'e Baste, ‘The total volume of a mass of oct cual 
on whether the particles are closely or loosely packed, It is evident that 2-11. Volumetric Basis. The _total_volume of a_mass 0! sol may De ote o an f acid math 

y other things, soi sity is i cof “agaibili considered the sum of the volume of the voids and volume of solid matter, — 
among other things, soil density is an index of compressibility, the loosely dered | of the Vv 7Olds an > ¢ 


packed soils being far more compressible than those with greater density. or V.=Ve+V (2-6) 
: ; j ; a sas ine t v ‘ 
Soil density, as defined above, is measured in termes of weight of solids in 





32 BASIC SOILS ENGINEERING 


in which 


V; = total volume of soil mass 
V, = volume of voids* 
V. = volume of solids 


I 


I 


Void Ratio and Porosity 

This elementary expression gives no indication of the relative magnitude 
of interparticle void volume and the volume of the openings or pores 
within the particles themselves. When differentiation between the two is 
desired, the above equation can be used in conjunction with a similar 
equation in which separate terms are used for interparticle and internal 
pore space. Ordinarily this is not required, and Eq. (2-6) is used 
without modification as the basis for the following expressions for soil 
density. 

Soil density in terms of relative volumes of voids and solids may be 
indicated by the ratio of any two of the three terms in Eq. (2-6). The 
terms conventionally used are void ratio and porosity. These are defined 
as follows: 


V» 


e= VY. (2-7) 
in which 
e = void ratio 
V, = volume of voids 
V, = volume of solids 
and 
V, 
i= V, (2-8) 
in which 
n = porosity 
V, = volume of voids 
V. = total soil volume 


By long standing custom, e is always expressed as a number, 7 as a 
percentage. In fact nm is sometimes referred to as percentage voids. Thus 

for the case when the volumes of voids and solids are equal, for example, 
the values of e and n, respectively, would be written 1.0 and 50 percent. 
Whenever 7 is used in a calculation, however, it enters as a decimal (for the 
above example, 0.50). 


“The term voids denotes all space not oceupied by solids, Void spaces may be com- 
pletely or partially filled with water or may be entirely empty, i.e., filled only with air 
or other gases. When it is desired to distinguish between airefilled and waterefilled 
voida, the torm air-voida ia used, 
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Substitution of Eqs. (2-7) and (2-8) in the basic Eq. (2-6) leads to the 
following useful equalities: 


e= (2-9) 








e 
mars (2-10) 

[t_is evident from its definition that porosity can never have a value 
which exceeds 100 percent. There is nothing in Eqs. (2-6) and (2-7), 
however, which similarly restricts the possible values of void ratio. Values 
of e in excess of 1.0 are common, especially in fine-grained soils. Typical 
values of both terms are given in Fig. 2-9 to indicate their usual range. 

It may be seen from Fig. 2-9 that the soils which in their loosest con- 
dition have the highest porosity values are the fine-grained, clay-type soils. 
This is attributed in part to the characteristic platey shape of clay particles 
and in part to the influence of forces affecting interparticle spacing which 
may exist in colloidal systems. Paradoxically, soils with the highest poros- 
ity, namely, clays, are usually the least pervious since the individual void 
passages in clays are extremely small though the aggregate void volume 
is relatively large. 


Relative Density 
It is indicated in Fig. 2-9 that each soil type has an individual range of 


porosity or void ratio. To judge whether a soil at a given void ratio, e, is 


to be described as dense or loose, it is necessary to establish its existing void 





ratio with respect to the range of possible void ratios for the particular soil. 
This is expressed by the term relative density, Da (sometimes, though not 
advisedly, referred to as degree of compaction), defined as, 





€max — € 
Da = a (2-11) 
€maxs — @min 

Values of Da, like porosity, are reported as percentages. Thus a soil in its 

loosest possible condition would have a relative density of zero; in its 

densest condition, 100 percent.* Although the definition carries no inherent 

limitation, the term relative density is usually applied to granular soil 
only. 

There are certain practical difficulties in determining void ratios, one 
of which is the problem involved in measuring solid volumes. For this 
reason, it is sometimes advantageous to express relative density in terms 
of unit dry weight of soil. 

* It is important to realize that the limit of soil density is not the elimination of all 
voids, The limit of density is the most compact arrangement which can be obtained 
without crushing or breaking the soil particles. At its maximum density the soil still 
contains an appreciable interparticle void volume, as is indicated by the fact that the 
lower limit of the void ratio range is in no case zero, Even so-called solid rock has a 
monsurable volume of voids, 
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2-12. Weight Basis 

General Concept of Unit Weight of Soil. Not to be confused with unit 
weight of solids, which has already been defined, is the term unit weight 
of soil. As used in engineering, this term denotes weight per unit vol- 
ume of soil. Under varying circumstances, as explained later, the weight 
may be weight of solids only or weight of solids plus weight of pore 
water or submerged weight of solids. The volume, however, is always 
the soil volume or volume of solids plus volume of voids. The symbol ¥ 
without subscript is used in this text to denote the general concept of unit 
weight of soil. When the term y appears in an equation, it is to be under- 
stood that unit wet weight, unit dry weight, or unit submerged weight* is 
to be used as conditions may require. The general expression for unit soil 
weight may be written 


Ww 
| V= 7, (2-12) 
in which 
Y = unit weight of soil 
W = weight of soil 
V. = total soil volume or volume of solids plus volume of voids 


Unit Dry Weight 

For indicating soil density, the term unit dry weight of soil—usually 
abbreviated to unit dry weight—is commonly used. This is defined as 
weight of solids per unit of soil volume. The expression for this term may 


be written 
W, 
Ydry = T. (2-13) 
in which 
Yary = unit dry weight of soil 
W, = weight of solids 
V,. = total soil volume 


From its definition it can be seen that unit dry weight, t like unit weight 
of solids, is a dimensional term. It is commonly expressed in pounds per 
cubic foot. Unlike unit weight of solids, however, it is an index of soil 
density and varies directly with the concentration of solids in a given soil 
volume. As an index of density or compaction, it is widely used in earth- 
works construction when compaction of soil by rolling or tamping is re- 
quired. Typical values of unit dry weight have been included in Fig. 2-9 
in order to establish the relationship between this index property and void 

* For the definition of unit submerged weight sce Inq. (7-7), Chapter 7, 

} Unit dry weight does not refer to weight per unit soil volume after the soil mass 


has been dried. Soil volume varies appreciably with water content, Por example, the 
Qe ‘ ‘ . - 5 , 
lowest values of unit dry weight of clays apply to clays at thoir highost moisture content, 
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ratio and porosity values. Note that the range of typical values for all 
soils searcely reaches 150 Ib. per cu. ft., the unit weight of conerete. The 
lower limit of the range is dependent not only on soil density but also on 
soil composition. The higher the organic content, the lower the unit dry _ 
weight. For inorganic soils, the lowest unit dry weight value is approxi- 
mately 85 Ib. per cu. ft. for sand and perhaps 50 lb. per cu. ft. for ordinary 
clay. For organic silts and clays, values as low as 30 lb. per cu. ft. have 
been reported. 

It is evident that relationships exist between unit dry weight and void 
ratio. A common form of this relation is 


Gyw 
Ydry = 1 = 2 (2-14) 





in which 
Yary = unit dry weight of soil 
G = specific gravity of solids 
Yw = unit weight of water 
e = void ratio 


ll 


By use of such equations, relative density, for example, may be expressed 
in terms of unit soil weight, namely, 


1/ymin an 1/y 
A 1/ymin — 1/Ymax ( ) 
in which 
Da = relative density 
y = unit weight of soil in place 


Ymin = Minimum unit weight of soil 
Ymax = Maximum unit weight of soil 


Unless otherwise specified, the unit weights in Eq. (2-15) are all unit dry 
weights. For field use, this equation is preferable to that embodying the 
hasie definition of relative density in terms of void ratio, because it does not 
require determination of particle volumes. 

When a weight determination has been made and it is desired to calculate 
void ratio, Eq. (2-14) may be rewritten in the form 


=G—-1 2-16 
7 Ydry ( ) 


The ratio Yary/Yw is termed the apparent specific gravity of soil, Ga, or 


G, = ian (2-17) 
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Thus Eq. (2-16) might be written 


eG -1 (2-18) 

While calculations for void ratio can obviously be made by direct sub- 

stitution of given values in Eq. (2-16) or (2-18), there are many occasions 

when the formula has been forgotten and no reference books are available. 
In such a case the calculation might be made as follows: 


Example 4 


Given: Unit dry weight, Yary = 100 lb./cu. ft. 
Required: Find void ratio, e. 
To supplement the given data, it will be assumed that a value of G = 2.7 may 
be used. It is also necessary to remember that specific gravity is the ratio of the 
unit weight of solids to unit weight of water, or Eq. (2-4) 


aE ce 
Yw Vs 


The given data indicates that the weight of solids in 1 cu. ft. of soil is 100 lb. Thus, 
from Eq. (2-4), the volume of solids per cubic foot of soil is 


I 
Se 0809 ca Fe 
2.7 X 62.4 
and 
V, = 1.000 — 0.593 = 0.407 cu. ft. 
Thus 
e= He mew = 0.687 Ans. 
V. 0.593 


2-13. Percentage Compaction. Although unit dry weight is a commonly 


used index of soil density, it has the same limitations as void ratio, since 
for each soil type there is a different range of possible unit weight values. 
An important practical consideration is often the relation of the unit dry 
weight of a given material to the weight which it would have if properly 
compacted. It is possible by standardized laboratory tests to determine in 
advance of a compaction operation in the field what the unit dry weight of 
properly compacted fill material would be. This weight, often termed the 
maximum Proctor weight, then becomes the job standard for material from 
a given source, and all sections of fill constructed with this material are 
expected to be brought up to this weight or a specified percentage of it. 
The ratio of the unit dry weight of a section of fill to the unit dry weight 


adopted as the Job standard is known as percentage enlage compaction, Common 
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though it may be to express soil density in terms of unit weight, it is prob- 
ably even more common on an earthworks project to use the term per- 
centage compaction. Every one in both the contractor’s and the engineer’s 
organization will have heard this term.* From 90 to 100 percent compac-: 
tion is normally specified. Note that one soil with a unit dry weight of 
125 Ib. per cu. ft. may have reached only 90 percent compaction, while 
another at 118 lb. per cu. ft. may be at 95 percent. This would be the case, 
for example, if the first mentioned soil were well graded and hence capable 
of being compacted to high density with but moderate effort, while the 
second is a uniform soil and hence more difficult to compact. An extensive 
discussion of soil compaction is given in Chapter 14. 


Moisture Content 


2-14. Conventions. All natural soils contain at least a trace of moisture 
and their behavior is thereby affected considerably. Moisture content is 
thus an important index property. Since soil moisture, although often con- 
taining significant amounts of dissolved solids or gases, is primarily water, 
the terms water content and moisture content are used interchangeably in 
engineering. 

Moisture content may be expressed in at least twot different ways. 
One is on a weight basis, the other a volume basis. In the first instance 
the weight of water contained in the soil is expressed either as a percentage 
of total weight or of dry weight of solids. In the second case the volume 
of water contained in the soil is expressed in relation to the total void 
volume which the water might occupy. 


2-15. Water Content. When the basis of expression is relative weights, 
reference is made to the following elementary expression, which can be 
seen to resemble Eq. (2-6) in form: 


W, =W.~+W, (2-19) 
in which 
W,. = total weight of soil (solids plus water), some- 
times referred to as wet weight of soil 
W. = weight of water 
W, = weight of solids 


* It is, therefore, confusing to refer to relative density, Da, as degree of compaction, 
a term which has quite a different meaning from percentage compaction. 

{The author once encountered still another convention for water content. Used 
chiefly amongst dredgemen, this convention was intended to indicate relative amounts of 
solids and liquids in the discharge, For this purpose, moisture content was taken as the 
amount of cloar water standing above the sediment in a bottle containing a sample of 
the discharge after the suspended material had settled, 
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Water content on a weight basis may be expressed as the ratio of any 
two of the three terms in Eq. (2-19). The most commonly used term is 
water content, 


_ Wu 
w= W, (2-20) 





in which 
_ Ww = water content, dry weight basis 
Ww» = weight of water 
W,; = weight of solids 


The qualifying term dry weight basis is given above to indicate that weight 
of water is taken as a percentage of dry weight of solids rather than total 
weight of sample. This qualification is rarely used in practice since, in- 
creasingly, this method of expressing water content is becoming the ac- 
cepted standard in soils engineering. It can now be taken for granted that 
when the symbol w is used, its significance is as given above. An alternate 
notation, having the same meaning, is M C, obviously representing moisture 
content. 

Despite the present convention, it is entirely possible and in some cases 
desirable to indicate water content as a percentage of the total or eh 
weight of a soil sample. This was a widespread, possibly the prevailing 
practice m construction some years ago. It is advisable therefore to 
realize that the two conventions exist, in order to guard asaina poseble 
Rea For water content on the latter basis, the symbol m is used in 

is text. 


m = We 
=, (2-21) 


in which 


m = water content, wet weight basis , 
W. = weight of water 
W, = total weight of soil 


ll 


Substitution of Eq. (2-20) and (2-21) in Eq. (2-19) results in the follow- 
ing useful equalities: 








a m 

~l=m (2-22) 
m= Ww 

lity (2-23) 


By convention, w and m are always expressed as percentages but used as 
decimals in calculations. From the definition of the terms it can be tet 
that m, like n, can never exceed 100 percent. However, fuat as e@ cau ahd 
does exceed 1.0, w can and does exceed 100 percent. It is a little diseon- 
eau at first to deal with water content values of more than 100 percent, 

lowever, when water content is expressed on a dry-weight basis, valuos 
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above 100 percent—ranging as high as 400 to 500 percent or more—are 
entirely possible. On the other hand, unlike void ratio and porosity, water 
content on any basis equals zero for oven-dried soil. Air-dried soil, even 
desert sand, however, normally contains slight but measurable moisture. 

No tabulation is given of moisture content values for typical soils. 
lor any given soil the possible range of values is so wide that any tabulated 
value would be of little benefit and might possibly be misleading. It can 
be said that, in general, considerably higher moisture contents can occur in 
fine-grained than in coarse-grained soils, but further generalization is 
unprofitable. 

2-16. Degree of Saturation. The amount of water contained in a mass 
of soil may also be expressed on a volumetric basis. Volume relationships 
for void spaces and water are given by the expression 

V, = Vat Vu (2-24) 
in which 
V, = total void volume 
V. = void volume occupied by air or other gas 
V.. = volume of water 


The term degree of saturation is used to indicate the relative volumes of 


void spaces and water, 





Vw 
S=> (2-25) 


in which 
S = degree of saturation 
Vw = volume of water 


V, = total void volume 
OY 
Like water content, degree of saturation is always reported as a pers 


centage but used in calculations as a decimal. From the definition it is 
evident that S may vary from zero to 100 percent. Not quite so evident 
in the fact that since the volume of voids in a given soil mass is subject to 
variation, the water content of a soil may change while the degree of satura- 
(ion remains constant. After reaching 100 percent saturation, for example, 
a soil specimen may still take in additional water if swelling can occur. 
Conversely, a good deal of water may be lost by evaporation from a satu- 
rated sample during shrinkage; yet the sample may remain fully saturated 
during the process. 

It is often necessary in the course of a site investigation to determine 
whether or not the natural formations are fully saturated, since partially 
xaturated soils may be compressed more rapidly under applied loading. 
Such a determination would be made from data on the water content 
and in-place density of typical samples. An example of a calculation for 
this purpose is given below. 
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Example 5 
Given: An undisturbed soil sample has the following properties: 


Total soil volume, V; = 0.0375 cu. ft. 
Total wet weight, W: = 5.29 lb. 
Dry weight, W, = 4.72 lb. 


Required: Find the degree of saturation, S. 


Since S =""/y, it is evident that one of the requirements for solution of this 
problem is to determine the volume of voids in the sample. This is customarily done 
by calculating the volume of solids from their weight and subtracting this volume 
from the total as in Example 4. For this calculation the specific gravity of the 
solids is required. Here it should be noted that the true rather than bulk specific 
gravity should be used in calculating volume of solid matter, and, further, that for 
this type of calculation the specific gravity value cannot be assumed but should be 
very carefully and accurately determined by test. Especially when the volume of 
solids exceeds the volume of voids in a sample, even minor inaccuracies in calculating 
volume of solids may introduce an appreciable percentage error in calculating 
volume of voids. Thus, in addition to the given data, it is necessary to know the 
value of G. Let it be assumed that the value G = 2.73 is obtained from tests. 

Ws 4.72 


V; = Ora = 2.73 X 624 = 0.0277 cu. ft. 


V, = 0.0375 — 0.0277 = 0.0098 cu. ft. 
Ww = 5.29 — 4.72 = 0.57 lb. 





0.57 
Vy = 624 = 0.00913 cu. ft. 
Thus 
Vw 0.00913 
sS=— 100 = X 100 = 93.2% Ans. 
co 0.00980 ae 


Moisture-Density Relations 


2-17. Saturation, Density, Moisture. From the basic definitions of the 
terms, it is possible to derive the relationship 


Se = wG (2-26) 


This expression is very useful in many earthworks calculations. It also 
reveals quite clearly the interdependence of e and w in a fully saturated 
soil and shows that in such soil, w is as much an index of soil density as e. 
It should also be noted that the natural limitation on the range of values 
of e for a given soil and the fact that S cannot exceed 100 percent places a 
limit on possible values of w.* 


* See discussion relating to zero air voids curve Vig, 141, Chapter 14, 
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2-18. Unit Wet Weight. The total weight per unit volume of a moist 
or wet soil reflects both moisture content and soil density. This soil 
characteristic is termed unit wet weight and is defined as 


_ W 2-27 
Ywet = Vi ( ) 


in which ; 
Ywet = unit wet weight or weight of solids plus mois- 
ture per unit volume of soil 
W: = total weight of wet soil (solids plus moisture) 
V, = total soil volume (volume of solids plus voids) 


Relationships involving unit wet weight, moisture content, and unit 
dry weight may readily be established. The usual experience in practice 
is that unit wet weight has been determined in the field and it is desired 
to calculate unit dry weight. If the water content of a representative part 
of a sample or soil formation is also known, as is commonly the case, the 
following equation may be used for unit dry weight: 





Yary = oe (2-28) 
in which 
Yary = unit dry weight of soil 
Ywet = unit wet weight of soil 
w = water content, dry weight basis 


It may also be shown that the following expression is valid: 


G + Se 


Y wet l+e Yw ( ) 





in which 
Ywet = unit wet weight of soil 
G = specific gravity of solids 
S = degree of saturation 
e = void ratio 
Yo = unit weight of water 


It has béen proposed that the ratio of the unit wet weight of soil to that 


of water be termed the mass specific gravity of the soil, Gn, or 


Gy a Tes (2-30) 
Yw 


A solution of Eq. (2-29) for e utilizing this ratio would be in the form 


~ = Gm 
° Gn- 8S 





(2-31) 
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It being quite unlikely that the preceding formulas can long be retained 
in the memory, the following example is given to indicate methods of calcu- 
lating unit weight and other index properties independently: 


Example 6 


Given: Unit wet weight: Ywet = 135 1b./eu. ft.; water content: w = 10%. 
Required: Find unit dry weight, degree of saturation, and void ratio. 
In problems of this nature it is convenient to assume that the data and calculations 
apply to a soil mass of 1 cu. ft. volume. With the given data the wet weight of 1 
cu. ft. of soil is 135 Ib., and the dry weight is this amount less the weight of water, or 


W, = W:. — Wy = 1385 — Wy 





but 
Ww _ 
w= W, or Wy = wW, 
Hence 
135 135 
W, = 135 — W, s = FO FE Se = 
w or W. i 122.7 Ib./cu. ft. 
Thus 


W, 122. 
Yary = a 122.7 lb./cu. ft. Ans. 


1) 
NI 


The basic definition of degree of saturation is expressed by Kq. (2-25): 


Vw 


The volume of water may be determined fron its weight. In 1 cu. ft. of soil, 


Weight of water: W, = Wi — W, = 135 — 122.7 = 12.3 lb. 


or 
Wy = wW, = 0.10 X 122.7 = 12.3 lb. Check 
Hence 
_ 123 _ 
Vu = 624 ~ 0.197 cu. ft. 


The volume of voids may be taken as the total soil volume less the volume of solids, 
the latter being determined from dry-weight data and an assumed specific gravity, 
G = 2.7. For 1 cu. ft. of soil 


Volume of voids: V, = V; — V, = . — 122.7 = 
1 t V. 2 27 xX 624 0.271 cu. ft. 
Thus 
0.197 
S= 0.271 x 100 = 72.7% Ans. 


By making use of Eq. (2-26), Se = wG, the void ratio can readily be caloulated 
asin the following, 
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O10 27 « 
e= 0.727 = 0.371 Ans. 


Soil Consistency 


2-19. Definition and Significance. Consistency is a term which is fre- 
quently used to describe the condition of a soil. It_denotes the degree of 
firmness of the soil and is indicated by such terms as soft, firm, or hard. 
In practice, only the finer soils or fine fractions of coarser soils are so de- 
scribed—soils whose condition is markedly affected by changes in moisture 
content. 

As a soil changes consistency, its engineering properties also change. 
Shearing strength and bearing capacity, for example, vary significantly 
with consistency. Thus a textural classification indicating only that a 
vortain material is a clay is not sufficient for engineering purposes: it is 
ulso necessary to determine the condition of the clay. 

Since consistency varies in part with water content and degree of satura- 
lion, it is possible in some instances to use water content as an index of 
consistency. However, it has been found that at the same water content, 
one clay may be relatively soft while a different clay may be hard. Further- 
ore, a certain change in water content may have very little effect on one 
clay but may transform another clay from almost a liquid to a very firm 
condition. Water content alone, therefore, is not an adequate index of 
consistency for engineering and many other purposes. In recognition of 
\his inadequacy a system was devised some years ago by Atterberg™* for 
slundardizing the classification of plastic soils as to consistency. This 
vystem has been adopted generally and is extensively utilized in soils 
ongineering. 

2-20. Atterberg System 

States of Consistency. To aid in eliminating the personal factor in 
describing soil consistency, Atterberg arbitrarily established four states of 
vonsistency for fine-grained soils. As shown in Fig. 2-10, these are the 
liquid, the plastic, the semisolid, and the solid states. Clay soils which 
ure initially at a very high moisture content, pass from a liquid state to a 
plustic state and so on as they lose moisture. 


Limits 
Aw a soil in drying from the liquid state of consistency reaches a point at 
which it ceases to behave as a liquid and begins to acquire the properties 


of a plastic, it is said to have reached the limit of the liquid state of con- 
vintoney, or more simply, it reaches its liquid limit, Similarly, at a lower 


* Atterborg, A., Various papers published in the Jit, Mitt, fur Bodenkunde, 1911 and 
112, 
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ete a Sg 


States Limits Indexes 
Liquid 
Liquid limit, LL 


Plastic Plastic index 
eins Plastic limit, PL PI = LL — PL 
emisolid Shrinkage index 
Shrinkage limit, SL = PL—SL 


Solid of = ee 


Fia. 2-10. Atterberg classification system. 


moisture content, the plastic limit is reached. Eventually a moisture con- 
tent is reached at which shrinkage of the Specimen ceases. At this point 
the soil is said to have reached the shrinkage limit. The shrinkage limit ie 
unique in that it denotes a particular consistency and also a velitivel 

abrupt change in the soil-water volume relationship, as shown in Fig. 2-11. 


Liguid 
State 










Residual 
shrinkage 









Diagram represents 
shrinkage of soil with 
ollowing characteristics : 


LL= 80% 
PL= 45% 
SL= 30% 
G=2.7 


100 





Total Soil Volume in cc, 







Vol. solids 






100 200 
Volume of Water in cc. 


Fig. 2-11. Soil shrinkage diagram. 


It j : s 
rf i is possible by means of standardized laboratory tests to determine 
ie point at which a soil reaches each consistency limit and to determine 

1e Water content of the soil at these points, The convention is to eval 


/ c 
stan 
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uate or express the Atterberg limits for a soil in terms of such water 
contents. For example, it would be said that the liquid limit of a cer- 
(ain soil is 45 percent if at a moisture content of 45 percent the soil is 
at its liquid limit. The same convention is used for all three limits. 


Indexes 
Also shown in Fig. 2-10 are terms known as consistency indexes. These 


are differences between specified limits. For example, the plasticity index, 

y. term which is widely used in soils engineering, is the difference between 

(he liquid and plastic limits. It gives an indication of, among other things, 

(he reduction in moisture content required to convert-a_soil_from-atiquid- 
loa semisolid condition. The shrinkage index, which is less generally 
used, is the difference between the plastic and shrinkage limits. 


2-21. Use of Limits in Engineering Classifications 

Remolded Soils. Theoretically, the Atterberg system can be used 
\o classify soils as to consistency by determining the in-place water con- 
(ont and the Atterberg limits of the soil. For example, if the water content 
iy 38 percent and the liquid and plastic limits 45 percent and 34 percent, 
respectively, it is clear that the soil is in the plastic state of consis- 
(oncy. However, it must be realized that the standard laboratory tests 
which are conducted to determine the Atterberg limits for a given clay 
ure conducted on remolded specimens. In preparation for these tests a 
specimen is kneaded or worked with a spatula while water is added as 
required to bring the specimen to a liquid consistency. The limit tests 
ure then made as the specimen, in drying, reaches first the liquid, then the 
plastic, and finally the shrinkage limit. Further manipulation is normally* 
involved in the conduct of each test. 

The act of remolding, as subsequently explained, may significantly 
change the characteristics of certain natural soils even when there is no 
change in water content. What are known as sensitive clays, for example, 
un they exist in an undisturbed condition in a natural formation may be 
notably hard or firm even at a very high moisture content; yet the same 
vlay, on being remolded without any change in water content, may become 
very soft. For such soils, consistency is evidently not dependent solely on 
water content. 

In classifications for agricultural purposes which Atterberg had in mind, 
(he above considerations may be of little significance, since field soils are 
vonstantly remolded by tillage and climatic effects. To a considerable 
degree the same is true in highway and airfield construction, where the 
Altorberg system is widely used, since in these fields the soil which is to be 
dlawsified is almost invariably destined to be disturbed by excavation, 


* Vor judging the amount of shrinkage to expect in an undisturbed clay formation, 
however, the undisturbed shrinkage limit is used rather than the laboratory value, 
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oe ee operations. In foundation engineering, however 
lently necessary to deal with soil formations which | a 
structurally disturbed for thousand wis bee i 
s of years and will not be affect 
ed b 
re be le ana wana by gradual loading. On this account the 
ystem of classification as described above i i imited i 
_application to soils which are or wi eee 
‘ ie will b i 
ae Ge e remolded or are known to be in- 
Plasticity Chart 


ae assist in utilizing the Atterberg limits in the classification of soils for 
gineering purposes, a so-called plasticity chart was devised by Casa- 
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a After A, Casagrande 
Fia. 2-12, Plasticity chart for soil classification. 


coal This: chart isin the form shown in Fig. 2-12. It also 
ustrates certain relationships between the limits and other soil cl 

teristics. jie 
i hae peace plasticity chart for soil classification is similar in 

o use of a triangular classification chart ic] 
chart utilizes liquid limit and icity i ae ate hae! 
plasticity index as coordi 
these characteristics for a gi i ace 
given soil can be used to plot i 
The designation of the area i i i el pee atone 
pine ea in which the point falls is used as a classifi- 
A is che 
ia eal of this ae and other supplementary information reveals that 
; te owing general relationships exist. ‘The liquid limit of a soil varies 
e exere) way with clay and/or organié content, Among inorganic ‘olla 
» Casagrande, “Classification and Identifieation of Soila,”” Proe, ASCH, June 1047, 
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increasing values of the liquid limit indicate increasing amounts of finely 
divided material. Certain clays with unusually small particles have liquid 
limits as high as 600 percent. A high liquid limit may also be an indication 
of organic content, however. Separation between organic and inorganic 
clays is indicated on the plasticity chart by line A. At a given liquid limit, 
variation in plasticity index not only has relation to organic content but 
ulso to permeability and compressibility, the lower the PI the greater the 
permeability and compressibility, and vice versa. 


Other Physical Properties 


‘The soil properties described above are, as previously explained, the 
chief index properties which are utilized in engineering. The distinctive 
aspect of these soil characteristics is that they have direct correlation with 
(he engineering behavior of soil or serve to establish soil descriptions which 
ure recognized in engineering specifications. They form the backbone of 
(he empirical approach to solution of soils engineering problems. For 
example, textural classification plus some indication of soil density has 
loon so extensively correlated with soil bearing capacity that by far the 
yreatest number of foundation designs prepared today are based solely 
on this correlation. The acceptability of materials used in highway con- 
struction and of compliance with compaction specifications is also widely 
used on textural classification, consistency, and density characteristics. 
Methods of utilizing index properties are discussed in subsequent chapters. 

There are many other physical properties of soils which are of great 
importance in engineering. These include permeability, compressibility, 
wnd shearing strength. These are the fundamental soil properties on which 
luring capacity, earth pressure, and slope stability depend. Evaluation 
of the fundamental soil properties requires special laboratory tests and 
special analytical procedures. In most cases it is necessary to devote a 
»oparate chapter to a discussion of each of these properties. This procedure 
lias been followed in this text. 


PROBLEMS 

2-1. What is the particle diameter of a stone with dimensions 8 X 4 X 2 mm.? 

9-2. What is the ordinary range of particle sizes in soil finer than pea gravel? 

9-8. (a) Convert 46 in. tomm. (b) Convert (0.005 mm. to microns. (c) Con- 
vort 0.01 micron to Angstrom units. 
GEA) Define (a) particle diameter, (b) fractionation, (c) mechanical analysis. 

9-5. What two characteristics of a soil specimen are established by mechanical 
analysis? 

9-6, (a) What soll characteristic is revenled by the slope of the grain-size distribu- 
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tion curve? (6) What is the difference b ; . 
; etwi : 
uniform gradation? een a uniform material and one with 


2-7. (2) Name and discuss the relative ad 
2 vantages of at least two basicall 
Spain ee of reporting mechanical analysis data. (b) What soi S 
Sed In s i i i i 
ear ous engineering for mechanical analysis of plus 200 and of minus 200 ma- 
2-8. (a) Draw i i 
Bets (a) a gradation curve for the following test data. (Use 3-cycle semilog 


No. Mesh per Inch 3 4 6 10 
(Tyler Series) 35 100-200 Pan 


Size Opening 6.68 4.7 3.33 1.6 
(Millimeters) -65 0.417 0.147 0.074 


Weight Retained 0 4.7 4.7 16.5 51.9 248 83 7.1 


(Grams) , 
Cr a 


(6) What is the effective size of the test speci i 
pecimen? (c) What is th iformi 
coefficient? (d) Comment on the gradation of the material. Geen 


©) A soil sample of 100 lb. dry weight is brought to the laboratory for me- 
c anical analysis. The entire sample is separated on the No. 4 sieve, 20 lb. being 
retained. Ten lb. of the remainder is then sieved with the following result: 


Sieve Wei i 
(Mesh per inch) sina ae 
6 1 
10 2 
20 2 
65 2 

100 1 
200 1 
Pan 1 

10 


Calculate the percentage of the total sample which is finer than the 100-mesh sieve 


2-10. Give an approximate value for the uniformi i 
mity coefficient of (a) standar 
Ottawa sand, (b) beach sand, (c) well-graded silty sand and gravel, ce ais 


2-11. Is standard Ottawa sand (a) a uniform materi i 
3 aterial, (b t i i- 
form gradation, (c) a well-graded material? Explain. Ae ee 


2-12. What are the limiting particle diameters fi 
: : or the U. 8. D 
Agriculture textural classifications gravel, sand, silt, and clay? eee 


2-13. The followi ' : 
vibalaiad 1¢@ following data were obtained from a mechanical analysis of a goil 
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15 percent retained on the No. 8 sieve (approximately 2 mm.) 

50 percent passing No. 8 but retained on No. 270 sieve (approximately 0.05 mm.) 
25 percent passing the No. 270 but coarser than 0.002 mm. 

10 percent finer than 0.002 mm. 

(a) Name all the textural classes of material which the specimen contains. (Use 
I3PR system.) (6) The specimen is composed primarily of what class of material? 
(c) What would be an appropriate textural classification of this specimen? 

2-14. A soil specimen has an effective size, Dio, of 0.1 mm., and a uniformity 
coefficient, Cy, of 2.5. Give the probable textural classification of the material, 
and state whether it is a uniform material, a well-graded material, or a material 
with uniform gradation. 

2-15. By means of the triangular chart shown in Fig. 2-8, give a textural classi- 
fication fer material with the grain-size accumulation curve shown in Fig. 2-2. 


2-16. A sample contains 15 percent gravel, 32 percent sand, 33 percent silt, and 
20 percent clay. What values would be used to enter a triangular classification 
chart to identify this material? 

2-17. One hundred pounds of well-graded soil are brought to the laboratory for 
mechanical analysis. The sample is separated on the No. 8 sieve, 25 lb. being re- 
(uined and the balance passing. Of the fraction passing the No. 3 sieve, 10 lb. are 
selected for analysis on the finer sieves. The amount passing the 200-mesh sieve is 
| lb, (454gm.). Fifty grams of the minus 200 material are then used in a hydrometer 
analysis. If 10 percent of the material used in the hydrometer test is finer than 2 
iicrons in diameter, what percentage of the total sample may be classified as clay? 

2-18. Calculate the specific surface in square centimeters per gram for the follow- 
jn (the solid matter may be assumed to have a specific gravity of 2.7): (a) a cube, 
| om. on a side; (6) the same cube, after subdivision into cubes having sides of 1 
win length; (c) the original cube, after subdivision into cubes having sides of 10 
my in length. 

2-19. (a) A soil sample has a specific gravity, G, of 2.68. What is the numerical 
value of the unit weight of solids, y;, in the English system? (b) The dry weight of 
Holl sample is 147.38 gm. The volume of solids is 54.2 cu. em. What is the specific 
wravity of the solids? 

32012) Distinguish between true and bulk specific gravity. (6) Define super- 
floial volume of soil particle. 

9-21. Calculate the space occupied by the soil particles in a cubic foot of soil 
having a dry weight of 106 lb. if the bulk specific gravity of solids is 2.45. 

2-22. (a) Between what values does the specific gravity of soil normally vary? 
(b) What physical properties of soil are measured in a specific gravity determination? 

&-23, One cubic foot of oven-dry sand has a weight of 96 lb. at a void ratio of 
0,72, Caleulate the unit weight of solids in pounds per cubie foot, 

Q-24, A 87-lb, sample of dry sand just fills a container of 4 cu, ft. volume. As- 
suming G 2,70, calculate the void ratio and porosity of the soil, 


9-26, Calculate the maximum possible porosity value for an accumulation of 
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equal spheres (a) for spheres 2 mm. in diameter, (b) for spheres 0.002 mm. in 
diameter. 


2-26. (a) The total dry weight of 1 cu. ft. of soil is 120 Ib. G = 2.7, Gy = 2.4. 
Find the porosity. (b) What is the approximate range of values for porosity of 
granular soils? 


2-27. (a) If its maximum and minimum porosities are 53 percent and 18 percent, 
respectively, what is the relative density of a well-graded sand at e = 0.74? (6) It 
is reported that the unit dry weight of a loose, uniform fine sand is 130 Ib. per 
cu. ft. Comment. 


2-28. In its loosest possible condition the unit dry weight of a sand is 85 lb. per 
cubic ft.; in its densest, 135 lb. per cu. ft. Assuming G = 2.68, what is the relative 
density of the sand when its porosity, 7, is 830 percent? 


2-29. What is the unit dry weight of soil at a void ratio of 1.1 if the specific 
gravity is 2.68? 


2-30. Demonstrate that ary = Cre 
l+e 





= Gyw (1 — n). 


2-31. The total dry weight of a sample from an embankment is 43.9 Ib. In the 
embankment the sample occupied a total volume of 0.318 cu. ft. This sample 
contains plus 4 material having a dry weight of 11.5 lb. If the bulk specific gravity 
of the plus 4 material is 2.38, calculate the unit dry weight of the minus 4 fraction 
in pounds per cubic foot. 


K-88) An undisturbed sample of sandy silt is found to have a dry weight, W,, of 
10 Ib., a total volume, V;, = 0.10 cu. ft., and a specific gravity, G, of 2.7. It is 
found that in the laboratory the void ratio of the material in its loosest condition 
is 0.8, and in its densest condition the void ratio is 0.3. Compute the relative 
density, Dg, and classify the material in nature as loose, medium, or dense. 


2-33. (a) Given the information that a sand formation has a natural void ratio, 
e, of 1.0, would you classify this material as loose or dense? (b) Approximately what 
would be the relative density, D,, of this soil? (c) Give an estimate of the unit 
dry weight, W,, of this material in pounds per cubic foot. (No calculations are 
required.) 


2-34. (a) Assuming that the ordinary range of void ratio for soil is 0.25 to 2.0, 
calculate the minimum and maximum unit dry weights in pounds per cubic foot 
for soil having a specific gravity of 2.7. (6) In its loosest and its densest condition, 
respectively, the unit dry weight of a soil specimen is 90 and 138 lb. per cu. ft. 
What is the void ratio of the soil at a relative density of 35 percent? Assume 
G = 2.68. 


2-35. A natural soil formation consists of a compact silty clay in which numerous 
scattered, weathered rock fragments are embedded. The following data apply to 
this formation: 


Unit dry weight of soil = 128 Ib. per cu, ft, 
Dry weight of rock fragments (plus No. 4 mitorial) 40 percent of total dry weight 
True specific gravity, GQ « 2.65 for rock fragments 
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Bulk specific gravity, G, = 2.4 for rock fragments 


‘True specific gravity, G = 2.78 for silty clay 


\'ind the void ratio of the silty clay fraction. 
2-36. The maximum Proctor weight for the embankment material referred to in 
Problem 2-31 is 136.2 lb. per cu. ft. Calculate the percentage of compaction 


(u) for the total sample, (b) for the minus No. 4 fraction. 

2-37. Develop expressions for w in terms of m and for m in terms of w. 

2-38. (a) A clay sample of 850-cc. volume has a total wet weight he Ib. 
and a dry weight of 3.92 lb. What is its water content (dry weight basis)? (6) 
What is the degree of saturation of the clay if G = 2.75? 

2-39. The total wet weight of 1 cu. ft. of soil is 128 lb. Its dry weight is 115 lb. 
If the specific gravity of the solids is 2.72, calculate the water content (dry weight 
usis), void ratio, and degree of saturation. 


2-40. he following data are obtained from laboratory tests on a soil sample: 


Specific gravity, G = 2.65 

Bulk specific gravity, Gp = 2.30 

Unit wet weight, Ywet = 185 lb. per cu. ft. 
Water content, w = 10% 


Calculate the void ratio, e, and the degree of saturation, S. 


2-41. Derive an expression relating degree of saturation, S, void ratio, e, water 
wontent, w, and specific gravity, G. 

2-42. (a) The total unit wet weight of a soil formation is 145 lb. per cu. ft., and 
(he unit dry weight is 134 lb. per cu. ft. Assuming G = 27, calculate eee aes 
wituration. (b) The unit wet weight of a soil specimen is 148 Ib. per cubic ft. a 
water content (dry weight basis) is 6 percent, and the specific gravity is 2.65. 
Culculate the degree of saturation. . 

2-43. (a) Given the following information, calculate the unit wet weight of a soil 
tases in pounds per cubic foot: 

Porosity, n = 45% 
Specific gravity, G = 2.65 
Degree of saturation, S = 98.2% 


(b) Given the following information for an undisturbed soil specimen: 


e=0.7 
G = 2.65 
w= 14% 
euloulate the unit wet weight in pounds per cubic foot and the degree of saturation. 
y ORR: ae 07 
9-44, Given: e = 0.8; G = 2.65; w = 10%, ; 
Bind: Unit dry weight, in pounds per cubic foot; unit wet weight, in pounds 
por cubic foot; degree of saturation; water content (wet weight basis); porosity. 
G “+ Se 


9-46, (a) Demonstrate that Ywou ™ ane Yu 
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(b) It is reported that the total wet weight of a fully saturated, compact 
silty sand and gravel is 105 Ib. per cu. ft. Comment. 


2-46. (a) The Atterberg limits of a particular soil are reported as: 


Liquid limit, LL = 60% 
Shrinkage limit, SL = 40% 
Plastic limit, PL = 35% 


Do these values appear reasonable or not? Explain. 


(b) During a laboratory determination of the Atterberg limits of a clay 
specimen, the test specimen is fully saturated at its liquid limit. It is 
then allowed to dry out until it enters the semisolid state. Is the 
sample still saturated? Explain. 

(c) A given clay soil has the following Atterberg limits: LL = 48 percent; 
PL = 36 percent; SL = 32 percent. If it exists in nature at a water 
content of 34 percent, what is its state of consistency? Is it a relatively 
coarse-grained clay or a very finely divided clay? What is its plasticity 
index and shrinkage index? 


2-47. The liquid limit of a clay soil is 65 percent, and its plasticity index is 
25 percent. Its natural water content is 45 percent. (a) What is its state of con- 
sistency in nature? (b) What is its classification according to the plasticity chart? 


2-48. The Atterberg limits for a clay soil are: LL = 60 percent; PL = 40 percent; 

SL = 25 percent. If a specimen of this soil shrinks from a volume of 10 ce. at the 
liquid limit to a volume of 6.38 cc. at the shrinkage limit, what is its true specific 
gravity? 
2-495 The shrinkage limit of a clay soil is 25 percent; its water content in nature 
is 34 percent; and its specific gravity is 2.75. Assuming that the residual shrinkage 
is negligible, calculate the decrease to be expected in a unit volume of clay if the 
water content is reduced by evaporation to 18 percent. 


2-50. A fully saturated clay sample has a water content of 30 percent, dry weight 
basis. Its shrinkage limit is 20 percent. Determine its volume when air-dried as a 
percentage of its volume at 30 percent moisture content. Assume G = 2.72. 


Gap The liquid limit of a clay soil is 54 percent, and its plastic index is 15 per- 
cent.” (a) In what state of consistency is this material at a water content of 40 
percent? (6) What is the plastic limit of the soil? (c) At the minimum volume 
reached during shrinkage, a specimen of this soil has a void ratio of 0.87. If G = 
2.72, calculate the shrinkage limit. 


2-62. The shrinkage limit of a clay is SL = 18.4 percent. Ifa 1-cu.-ft. sample of 
fully saturated clay at water content w = 27.4 percent is allowed to shrink, what 
will be its volume at w = 13.8 percent? Neglect residual shrinkage and assume 
G = 2.72. 


2-53. The natural water content of a saturated clay soil is 32 percent, dry weight 
basis, and its shrinkage limit is 25 percent, Calculate the decrease in volume of a 
unit mass of such soil if it dries to a water content loss than 25 percent, Assume 
G = 2,72, 
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9-54. The following Atterberg limit data are obtained for three soil specimens: 
Plasticity Index, % 


Specimen Liquid Limit, % 
A 20 10 
B 70 20 
C 70 50 


(a) Compare A and B as to texture, that is, whether they are coarse-grained or 
alav-evps soils. (6) Compare B and C as to probable organic content, that is, 


whether organic or inorganic. 


CHAPTER 3 


SOIL MOISTURE 


General Considerations 


3-1. Effect on Soil Behavior. While there are many situations in which 
ground water is chiefly of interest in connection with water supply, in soils 
engineering the main consideration is the effect of moisture on soil Wehavion 
and on construction operations—excavation, in particular. The presence of 
water at and below the ground water table and of the moisture which is 
often held in the soil above may be the controlling factor in many engineer- 
ing studies and foundation designs. Collections of perfectly dry soil parti- 
cles would present no such problems as those associated with moist or 
saturated soils. This chapter is therefore devoted to a discussion of the 
occurrence of moisture in soils, its movement through soil masses, and its 
effect on engineering properties of soil. 


3-2. Composition. It is often assumed in soils engineering that soil 
moisture is simply water, without considering that any one or a number of 
other materials may be present in dissolved or even in suspended form. 
This assumption is satisfactory in many cases, as in ordinary problems re- 
lating to seepage, effects of submergence, bulk weight, etc. However, for a 
full understanding of certain fundamental aspects of the structure of fine- 
grained soil and of behavior in respect to swelling tendencies, permeability 
compressibility, and shearing strength, analysis of the composition of his 
moisture contained in a given soil is necessary. Chemical composition of 
soil moisture may also be important in connection with electrolytic or 
corrosive effects on underground utilities, piling, or other structural ele- 
ments. It is not justifiable, therefore, to disregard entirely the effect: of 
dissolved materials. A detailed discussion of this subject is, however 
outside the scope of this text. Many important effects produced by 
moisture on soil behavior are due to properties of water itself and these are 
discussed below except as specific reference is made to what are usually 
termed impurities, that is, dissolved organic or inorganic solids or gases. 


3-3. Classification. . When its composition may be disregarded, soil 
moisture is often classified with reference to its mobility. Thus water which 


ia Lou twat whos th BO ground water table, even in arid regions, might be 
considered as one type of water, Obviously this water is immobilized to 


b4 
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some extent, since it is held by the soil against the force of gravity. In 
this same soil, or elsewhere, water collecting on the surface during heavy 
rains will subsequently percolate downward through the soil. Being more 
mobile, this could be considered water of a different type. Still other water, 
under certain conditions, may not only be held in the soil but may actually 
he raised to higher levels by capillarity against the force of gravity from 


underground storage areas. With reference to these considerations, soil mois- 
ture is variously classified as adsorbed, capillary, or gravitational water. 


Adsorbed Water 


3-4. Adsorption. As explained more fully in a later section of this text, 
soil particles under natural conditions normally have a net electrical charge 
at their surfaces. A water molecule as a single unit may be considered 
electrically neutral in that it has no excess or net charge. However, its 
construction is such that the centers of the negative and positive charges of 
ity individual components do not exactly coincide. In consequence it has 
in effect two poles, like a small bar magnet. Water molecules adjacent to 
the electrically charged surfaces of soil particles are therefore affected in 
\wo ways: they are strongly attracted to and held by the soil particle, and 
the water molecules in at least the first few layers become to some degree 
oriented. This situation differs somewhat from that in bulk water, where 
» more random orientation exists. It has been suggested that the ordered 
arrangement of water molecules in the immediate vicinity of charged sur- 
faces may alter certain fundamental properties of water, such as density 
and viscosity. 

It, is to be observed that all fluids are not equally subject to adsorption. 
An important consideration is the molecular construction of the fluid. 
‘The dipole construction of the water molecule, which has been described 
above and which is a requisite for adsorption, is not characteristic of all 
liquids. Kerosene and carbon tetrachloride (cleaning fluid), for example, 
lave what are termed nonpolar molecules and are therefore distinctly 
different from water in respect to adsorption. 

It may also be noted that water is not adsorbed equally on all solid 
wurfaces. When a surface like a glass plate, on which adsorption of water 
normally occurs, is coated with grease or oil, water is repelled instead of 
loing attracted. This is becoming of increasing interest to engineers as 
water repellent chemicals are being developed and used in soils to accom- 
plish various effects, such as reduction of capillary rise. 

8-5, Occurrence. Water is drawn by adsorption to surfaces of soil 
particles generally throughout all natural formations both above and below 
the ground water table. However, it is only the first few molecular layers 


of water surrounding the soil particles which are significantly affected by 
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the force of adsorption. The water in these layers is variously referred to 
as adsorbed or hygroscopic water or, because of its immobility, as bound water. 

Since adsorption occurs at particle surfaces, the amount of water which 
can be held in this way depends on, among other things, specific surface, 
which, as previously explained, varies with particle size, shape, and grada- 
tion. Thus a relatively fine, well-graded material will normally have much 
greater adsorptive power than a coarse-grained uniform material. Except 
in very finely grained soil, however, the weight of water held by adsorption 
alone is probably not a large percentage of the total soil weight. 

Adsorption of water, among other things, is important in connection 
with the variation of velocity of flow across pore passages. As in the case 
of flow in pipes and channels, it is generally believed that at the wall, 
that is, at particle surfaces, the water in soil is so strongly held that velocity 
of flow is zero. In fine-grained soils the passages may be so small that the 
thickness of the immobilized-water films constitutes a significant part of 
the pore diameter. The area available for free flow is thus reduced, even 
when the aggregate pore passage area is large. Further discussion of this 
and other similar effects is given later. 

Since water molecules, though they are of dipole construction, are in 
themselves electrically neutral, their adsorption on or their removal from 
particle surfaces does not affect the net charge of the particle, which is 
balanced in another manner (to be discussed later). Thus, adsorbed water 
may be removed from the soil, by evaporation, for example. The water 
content of soil, as the term is defined in Chapter 2, includes hygroscopic 
moisture, since oven drying is always conducted in water-content determi- 


nations. _Air drying alone at ordinary temperatures will not remove all 
adsorbed water. 





Capillary Water 


3-6. Capillarity 

Theory. It is generally known that movement of water through _soil_ 
under certain conditions may be due to capillarity. Such movements 
and also the retention of water in soil by capillarity are often of great 


engineering interest and importance. In highway and airfield construction, 
where the stability of subgrade materials is a primary consideration, upwar 


movement of water from the ground water table, which causes subgrade 
or base course saturation and weakening, is especially important. Some 
explanation of capillarity and capillary effects is therefore given below. 
Referring to Fig. 3-1 (a), assume that a single glass plate is immersed in 
water as shown. The water in the vicinity of the plate will be subjected to 
two opposing forces. One is the force of ddsorption, Through the action 
of this force, water molecules are drawn not only to the submerged section 
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Free water ; Mercury 
surface Meniscus 
Single Glass 
aes plate 


Capillary Rise Capillary Drawdown 
(a) (6) 


Fig. 8-1. Capillary phenomena. 


of the plate but also to the exposed surface above. Water molecules seeking 
to reach sections of the plate above the general water level, in addition to 
leing restrained by the force of gravity are also moving in opposition to an 
ultractive force exerted by adjacent molecules in the main body of water 
itself. The latter is a manifestation of what is termed cohesion. The 
extent to which capillary rise and other capillary effects may occur depends 
io an important degree on the relative magnitude of the opposing forces 
of adhesion and cohesion. _ 
lor the system created by the water and the glass plate, the ratio o 
these two forces is such that adsorption occurs generally over the surface 
of the plate, and in addition a small amount of water is drawn up from the 
free-water surface near the plate to form a meniscus. The classic example 
of effects produced when cohesion is proportionately much stronger than 
adhesion occurs with mercury. Under these conditions capillary drawdown 
occurs, the liquid surface being actually depressed rather than raised in the 
vicinity of an immersed plate, as shown in Fig. 3-1 (0). The same effect 
would have been produced if a glass plate coated with a water-repellent 
chemical had been immersed in water. When the ratio of edsorntion = 
cohesion is such that capillary rise occurs, it is said that the liquid wets 
ihe solid surface. Factors which in any way affect this surface condition 


will affect capillary rise. 


Capillary Rise in Tubes ei) 
The geometry of the system created by a soil mass is so irregular tha 


‘nuthematical analysis of capillary rise in soil is largely impractical. It has 
therefore become a common practice to consider effects produced in more 
regular systems, such as capillary tubes, in order to establish basic principles 
wt least and then to make such application of these principles to soils as may 
he possible. This procedure is followed in the discussion given below: " 
If the aystem illustrated in Fig. 3-1 (a) is modified by placing a secon 
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glass Plate adjacent to the first, adsorption on the second plate provides 
additional upward force, and at a certain plate spacing, a significant rise 
of the water between the plates will occur. The maximum adsorptive 
effect is obtained with a three-dimensional system, such as a tube. The 
mathematical expression for height of capillary rise of a liquid in a very 







Reduced 
pressure 


Atmospheric 
pressure: 





/ncreased 
pressure 


small tube of constant diameter, as illustrated in Fig. 3-2, is given in the 
following terms: 





(3-1) 
in which 


HT, = height of capillary rise 
7’, = surface tension of liquid. (Typical values given in Fig. 3-3.) 
r = radius of curvature of meniscus. (In capillary tubes, 7 may 
usually be taken as the radius of the tube.) , 
Yu = unit weight of liquid 


Although not so indicated, Eq. (3-1) is valid only when the liquid wets the 
solid surface. 


or a given liquid this equation indicates that height. of capillar 'y_rise is 
inversely proportional to the radius of the tube, ‘There are certain limita. 
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Liquid 


Carbon tetrachloride 1.5 x10+4 


Fia. 3-3. Surface tension values. 
















tions on the application of this principle, especially in regard to capillary 
rise in soils. An important consideration is the effect of capillarity on 
pressures in the liquid. This is discussed below. 


Pressure Reduction in Liquid 

Referring to Fig. 3-2, it can be shown that for a condition of static equili- 
brium the absolute pressure, pw, in the water inside the tube at the level of 
the free water outside is the same as that at the free-water surface. Nor- 
mally the free-water surface is at atmospheric pressure, Pa. The pres- 
sure at one point in a vertical tube having been established, it can be 
shown that pressures at other points in the tube are either greater or 
loss by the amount yh, h being the distance either below or above the 
first. point.* At even small distances above the level of the free-water 


surface, it appears, therefore, th ithi i 


(han atmospheric. In this respect it is seen that the situation is similar 
(o that in the suction line of apump. At a height of about 34 ft. the quan- 
Lily Yoh has a value of approximately 14.7 lb. per sq. in. Thus if the water 
could be drawn by capillarity to such a height—and there is nothing in 
\\q. 8-1 which indicates that with a small enough tube it could not—the 
absolute pressure just under the meniscus would be reduced to zero. 

It is common knowledge that in an ordinary water column, reduction of 
pressure to absolute zero is a practical impossibility. In the suction line 
of a pump the water column would break when the lift approximated 20 
(o 25 ft., for example. 

So far as capillary rise in constant diameter tubes is concerned, however, 
\ is held that under virtually ideal laboratory conditions it is possible for 
water not only to reach a height of 34 ft. but to exceed it by considerable 
amounts. The laboratory conditions would include the use of water which 
lias been most carefully processed to rid it completely of all dissolved air 
or other gases. Very small, perfectly smooth water passages of uniform 
diameter would also be required. It is reported} that under such conditions 





* In extremely fine capillaries, adsorption and osmotic effects may significantly alter 
(his somewhat oversimplified relationship, 

| M, Berthelot, “Sur quelque phénoménes de dilatation forces dos liquides,” Ann, 
ile chim, et phys, 4 (1850); 80, 282-87, 
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the basis for entertainin, i Tae ae seen 
g the belief that capillary rise in tub i i 

as well, can exceed 34 ft., and th uf i eRe 

: 5 at bulk pore water 

duced to values of absolute zero and even less. Bie mem 
Theoretically, under ideal conditions with capillary rise developed to its 


maximum value for a given tube, the ab 
r sol i 
just below the meniscus would be ; oe ee me pee 


Pw = Da — Yul, c re 
or, substituting from Eq. (3-1): rm 


2T, 





Pwo = Pa — (3-3) 


This equation may be used as indicated below to com 


pressure under the meniscus in a tube. eee 


Example 1 


Given: Tube diameter = 0.002 mm. 
Required: Theoretical minimum pore water pressure in tube 


[Eq. (3-3)]: 


(From Fig. 3-3): 


Toa. es a8 
Assume pa = 14.7 psi 4.2 X 10-* Ib./in. 


2X 4.2 x 1074 
Me 14.7 — 21.4 


2 X 25.4 
Pwo = —6.7 psi or —0.57'/sq. ft. Abs. Ans. 


Pw = 14.7 - 


It can be seen that a continuous water column cannot be draw 
scram eh fel Sf prose rein i 
a limit. However, it seems congas sonata ae arabe ca 
depart significantly from the i i i ae eae 
liquid places a definite eee the ke Gt ee . ie 

3-7. Capillarity in Soils oe 

Capillary Zone. Water entering a soil mass from an 
eventually become immobilized and held in the 
though it is common to think that capillary wat 
“Pressure reduction in the pore 


factor in the shrinka i i 
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from the ground water table, it is also possible for water percolating down- 
ward from the ground surface to be arrested and held between adjacent 
particles, as water may be held between adjacent glass plates. Capillary 
water need not be continuous throughout capillary zones in soil, as one 
might infer from studies of capillary rise in tubes. Partial saturation in 
such zones is probably the rule rather than the exception. _However, if a— 
fully saturated specimen of fine-grained soil is removed from the ground, the 
water will be retained in the specimen by capillarity. Capillary water, 
however, like adsorbed water, may be removed from a soil by evaporation. 
Air drying alone under standard conditions removes most of the capillary 


water in a soil sample. Oven drying removes both adsorbed and capillar 
moisture completely. NY AVE beet Weanllery wate 


Ovew Wytry —e kt! absevbe | + capillavy Wap 


Capillary Rise 

As an approximation, it may be said that the diameter of the pore 
passages in soil are of the same order of magnitude as particle diameters. 
‘Thus the theory that capillary rise is inversely proportional to the diameter 
or radius of the capillary passage for the conditions previously analyzed 
may be used to account for the commonly observed fact that capillary rise 
is greater in fine-grained than in coarse-grained soils. 

Beyond such a generalization it is difficult if not impossible in analyzing 
capillary rise in soils to utilize theories relating to tubes. A practical 
difficulty in applying Eq. (3-1), for example, is selecting an appropriate 
value for r, the radius of the pore passage. For water which is drawn up- 
ward through the soil by capillarity, it is the maximum pore passage diam- 
eter which is significant. In regard to retention of water percolating down- 
ward, the minimum diameter controls. When a determination of the po- 
tential height of rise for a given soil is desired, it is usually necessary to 
resort to laboratory tests in which efforts are made to obtain a direct meas- 
trement of the rise in a column of soil of the type in question. Even this 
seemingly direct approach is often inconclusive. 

Capillary rise in soils is affected by a number of other considerations, of 
which an important one is the previously described effect of reduction in 
pore water pressure. Conditions in a soil formation would not normally be 
regarded as the equivalent of the ideal laboratory conditions required for a 
capillary rise in excess of 34 ft. While the possibility of exceeding this 
height in clays cannot be entirely rejected, it seems quite unlikely that a 
yreater rise will occur ordinarily. 

Changing conditions in soil formations also affect the height of rise. 
The position of the ground water table is an obvious factor, since this is 
the level from which the rise occurs. When there is no control on the 
elevation of the ground water, it may fluetuate seasonally to such a degree 
that at certain periods the saturation of surface soils or pavement sub- 
urades may be significant. It is for this reason that it is frequently neces- 
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sary to install drainage systems to hold the water table to a certain mini- 
mum level beneath pavements. 

Another important but possibly variable factor in height of rise or height 
of capillary saturation is what might be termed evaporation opportunity. 
Capillary rise of water in soil does not create a purely static situation with 
the water simply held in the pores at certain levels. There is constantly a 
certain amount of vaporization of the water at the upper level of the capil- 
lary zone. Water removed by evaporation is replaced by upward flow, so 
that for given conditions, the degree of saturation at a certain level remains 
fairly constant. However, if evaporation ig prevented, as by the sealing 
of the ground surface, the degree of saturation in the ground above the 

normal upper limit of capillary rise will gradually increase. Thus certain 

open gravel roads which had given satisfactory service for years, started 
giving trouble when paved, because of weakening of the subgrade by satura~ 
tion. 

Destruction of Capillary Effects 

It is important to note that all the capillary effects described above, in- 
cluding the reduction of pore water pressure, depend on the existence of an 
air-water interface. It follows that, unlike adsorption, no capillary effects 
can be developed below a free-water surface ; also, that an existing condition 
of capillarity will be destroyed by submergence. Thus the same water 
classified under one set of conditions as capillary water may in an instant 
be changed to gravitational water. 


Gravitational Water 


3-8. Occurrence. Gravitational water differs from adsorbed and capil- 
lary water only in that it is completely free to move through or drain from 
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il 1 the influence of gravity. Ina natural soil formation gravitational 
soil under the influence of gravity 


water is normally separated from capillary bes ay ee aed 
if is i ich is often difficult to locate or to ; 
table. This is a surface which is 0 ; a 
ion 1 d to a sufficient depth below ground, 
well or other excavation is extende leptl ue : 
ill i tablish itself in this ope 
vat ble or free-water surface will in time es if in : 
a ~ hie in Fig. 3-4. No such distinct surface exists in the me 
space, . \ : 
ior undisturbed ground if there is any cgberen it apemnene ets ae 
act 1 free-water surface the grou 
fact for some distance above the e-watel 
hully saturated and thus physically indistinguishable from the ground below 
3-9 Ground Water Table. To some extent the above a ek 
ation feaceables that in the capillary tube a in ance . La 
feuid witht i hing tangible to indicate 
liquid within the tube there is not : 
: condi to that of the free-water surface outside. It has been see: on 
oe that the pressure at this level in the liquid both inside and outs 


Phreatic 











(a) 


surface 





Highway or Railway Cut 


(6) 


ZA. Phreatic surface due 
to well pt. operation 
ha 


Well point 


(c) 


Mia, 8-5, Phroatio surfaces, 


64 BASIC SOILS ENGINEERING 


the tube is the same, and that this is normally atmospheric pressure. 
Similarly, the pressure in the saturated ground adjacent to the well at 
the level of the free-water surface is atmospheric. _Thus the ground water 
at this level has a distinctive characteristic, namely atmospheric pressure 
referred to as the ground water table. Alternatively it is referred to as the 
phreatic surface, a term derived from the Greek word phreos, meaning 

well.” Above the phreatic surface the absolute water pressure in a zone 
of capillary saturation steadily decreases to values less than atmospheric, 
as previously explained, while below the phreatic surface, pore pressure 
increases with depth, as in a free body of water. This pressure variation 
is shown by the diagram in Fig. 3-4 (a). Variation in degree of saturation 
is shown in Fig. 3-4 (b). 

The term ground water table conveys the impression of a generally level 
surface, When there is no lateral movement of the water, this impression 
is correct. However, with lateral flow, or seepage, as it is termed, the water 
table may have a very significant slope. Possibly under these conditions 
the term phreatic surface is more appropriate than water table. Various 
situations of interest to engineers are depicted in Fig. 3-5, each featuring 
a sloping ground water surface. 
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Ground Water Movement 


3-10. Energy. Movement of ground water in any of the above classi- 


fications occurs when there is a difference in the energy levels in the liquid 
at any two points. Thermal, capillary, osmotic, and gravitational effects 
may all be analyzed in terms of energy potential. In most engineering 
applications the chief consideration, however, is movement of water due to 


a difference in energy which may be expressed in terms of total head. 
Total Head, Gravitational Water 
As defined by Bernoulli, the total energy head in the liquid in hydraulic 
systems is the sum of the velocity head, pressure head, and potential head. 


Velocity head associated with seepage in ordinary soils is usually so small 
that it is completely negligible; hence in the following discussion, total 
head will indicate the sum of pressure and potential head unless otherwise 
noted. This concept of total head is illustrated in Fig. 3-6, in which a 
cylindrical apparatus containing a soil specimen is represented under con- 
ditions leading to upward flow of water through the soil. At point A, 
near the bottom of the specimen, the pressure head is indicated by the 
height of the water in a manometer; the potential head is the distance from 
point A to an arbitrary datum, and the total head is the sum of pressure and 
potential heads. A similar representation is given for head at point B. 
There being a difference in the total head at the two points, flow takes 
place as shown. 





Capillary Head 

An index of the energy available for causing capillary flow, either verti- 
cally or horizontally, is the magnitude of the potential height of capillary 
rise, H,, as defined by Eq. (3-1). This term is a function of the radius of 
the pore passages at the wetting front and has been shown to be greater 
for fine-grained than for coarse-grained soils. It may readily be demon- 
strated that the capillary head may exceed the gravitational head in fine- 
grained soils. A system proposed for use in connection with certain in- 
vestigations of soil permeability is shown in Fig. 3-7 in order to illustrate 
this point. The apparatus consists of a vented tube containing an initially 





Kia, 8-7, Capillary flow in soil, 
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dry soil specimen which is retained in the tube by a wire screen at the open 
end. When the tube is placed in a horizontal position in a pan of water, 
flow through the soil starts immediately. What is referred to as the wetting 
front (ab, Fig. 3-7) is in this case vertical, and it can be seen to move quite 
rapidly at first as water enters the sample and then more slowly as the 
length of flow path and resistance to flow increases. Here the initial 
velocity of flow considerably exceeds that attributable to gravitational 
head. For an ordinary silt or silty clay a head of 20 ft., for example, might 
well be acting when the tube is only a few inches below the water surface. 

Gradient 

The difference in head at two points, generally referred to as lost head, 
represents energy lost through viscous friction as water flows around the 
soil particles and through the irregular void passages. Lost head may be 
indicated by the difference in level of the free-water surfaces standing in 
water columns or by manometers connected to the points. The rate at 


which head is lost_along any flow passage is termed the gradient of flow. 


It may vary with distance or be a constant, depending on soil and flow 


boundary conditions. _An average value of gradient may be obtained by 
dividing the total head lost between tw. 1 istance 


between them. For an accurate evaluation of gradient at any critical 
point in a soil mass, it would be necessary to determine the head loss over 
some small part of the flow distance. Note that gradient as defined above 
is a dimensionless term. 

3-11. Darcy’s Law 

Statement. The work of Darcey in the nineteenth century demon- 
strated that for specified conditions the rate of flow of ground water is pro- 
portional to the gradient. This principle is the present-day basis of 
methods for estimating seepage. 

As is true with flow in pipes or channels, flow in soil may be either 
turbulent or laminar. Turbulent flow in soil is rather unusual, however; 
whereas it is perhaps the rule, not the exception, in pipes. Only in soils 
exclusively composed of particles coarser than approximately 1.0 mm.,* 
that is, very coarse sands and gravels, is turbulent flow likely to occur. 
Thus, unless special mention is made, it. i s10ns 


tnay_be assumed that, discussio 
of flow in soils relate to laminar flow. The distinction is an important one, 


since it materially affects calculations of rate of flow. 
Laminar Flow 


For laminar flow conditions, Darey found that, for saturated soil, the 
rate of flow could be expressed as follows: 


la = ba] (3-4) 


"B. K, Hough, “Report. of Soils Laboratory” (Kastport, Mo,: U.S, Eng, Office, 
Sept, 1, 1986), p. 89. 
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in which 


Q = rate of flow 
= coefficient of permeability 


2 = gradient or_head loss over_a given flow distance 
A = gross cross-sectional area of soil through which flow takes place 


Turbulent Flow 
For turbulent flow the equation must be written 


Q=kitA (3-5) 


in which all terms are as previously defined, and n, the exponent of the 
gradient, is a power less than 1.0. Limited experiments* indicate that n 
has a value of approximately 0.65. 

The rate of flow determined by application of Darcy’s law is expressed 
in terms of volume per unit time in units dependent on the dimensions 
adopted for the permeability coefficient and gross cross-sectional area. 
Common units for rate of flow are gallons per minute and cubic feet per 
second, the latter often being abbreviated second-feet. 


3-12. Permeability 

Characteristics. Permeability is a property of soil which is roughly 
similar in nature to the electrical conductivity (not resistance) of solids. 
It, denotes capacity of soil to conduct or discharge water _under a given 
hydraulic gradient. The coarse-grained soils are considered highly pervious 
and have correspondingly high permeability coefficients. With fine-grained 
soils the situation is reversed. This indication that permeability varies 
with particle size is in accord with our knowledge of laminary flow in small 
(uibes or capillaries, as investigated by Poiseuille. 

Flow in Tubes 

The expression developed by Poiseuille for flow in a small tube may be 
written 


q= ez ria (3-6) 


in which 


= rate of flow | 

unit weight of water 

coefficient of viscosity of water 
radius of tube 

hydraulic gradient 

= cross-sectional area of flow passage 


=o 
I 


Y w 


fer 3 
ll 


* [bid,, p, 89, 
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If instead of a single tube there were n tubes, all with the same radius and 


all under the same gradient, an expression for the discharge from the entire 
group could be written 


Q = geri (3-7) 


in which 


Q = total discharge from tubes 
r = radius of individual tube 
A = total flow area = na 


A given total flow area could obviously be made up of either a large number 
of small diameter tubes or a small number of large tubes. Eq. (3-7) shows 
that for a given aggregate flow area, the discharge is proportional to the 
square of the radius of the individual passages. Applying this to flow 
through soil, let it be assumed that the aggregate pore passage area in a 
given mass of coarse-grained soil is the same as in a fine-grained soil. 
The average size of the individual passages in the two cases, however, will 
be very different. Hence, it can be seen that under a given gradient the 
rate of flow through the fine-grained soil will be much less than that in 
the coarse-grained soil. This situation is directly reflected in the assign- 


ment of permeability coefficients to clays which are much lower than those 
assigned to coarser soils. 


Hazen’s Approximation 

An approximation previously stated is that pore-passage diameters vary 
roughly as particle diameters. It being very difficult to measure the size 
of pore passages, it has come to be a common practice to relate permeability 
to particle size. Evidently the basic principle is that permeability varies as 
an approximation of the square of the particle diameter. It can be seen 
immediately that there are many secondary considerations. Perhaps the 
most obvious is that any given soil is made up of particles which vary 
widely in size; hence decision must be made as to which particle size con- 
trols. As mentioned in Chapter 2, Hazen proposed the use of the ef- 
fective size for this purpose at least in connection with graded filter sands. 


What may be called Hazen’s approximation for the permeability coefficient 
is given by the following expression:* 


k = 100 D,,? (3-8) 
in which 


k = coefficient of permeability in centimeters per second 
Do = effective size in centimeters 


“Note that this is a nonhomogeneous equation, 


& being in centimeters per second 
and Djo (in this case) in centimeters, 


PERMEABILITY 
COEFFICIENT—k 


“EFFECTIVE” 
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® 
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g 
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Clean, fine to coarse GRAVEL 
Fine, uniform GRAVEL 
Very coarse, clean, uniform SAND 


Derrick STONE 
One-man STONE 


MOTTA 
INGOT AERA 


Uniform, coarse SAND 


Uniform, medium SAND 


Clean, well-graded SAND & GRAVEL 


Uniform, fine SAND 





MOISTURE 


0.5x 1074 
0.05x 10-4 


Well-graded. silty SAND & GRAVEL 


Uniform SILT 


UVNINV'TL 


0.01x 1074 
0.001 x 1074 


Silty CLAY 


CLAY (30 to 50% clay sizes) 


10-98 


Colloidal CLAY (-2u = 50%) 





Fic. 3-8. Typical values of permeability coefficients. 
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The following example is given to illustrate the use of this relationship. 


Example 2 


Given: Di, = 0.22 mm. 
Find: k in centimeters per second. 


k = 100 X 0.022? = 0.048 cm./sec. Ans. 


Experimental Values 

Attempts to utilize the Hazen approximation beyond the range of clean 
artificially graded filter sands may lead to serious inaccuracies. Other: 
more elaborate relationships have been proposed, but none has been entirely 
satisfactory. Accordingly, it is common practice to determine experimen- 
tally the permeability coefficient for a particular soil type whenever a testing 
program is practicable. This is accomplished by setting up a soil specimen 
in a device called a permeameter, so constructed that water can be made to 
flow steadily through the specimen. Conditions are such that Darcy’s law 
may ‘be applied. All terms except k in Eq. (3-4) may then be evaluated by 
direct measurement, and k may be determined by solution of the equation. 
Permeability tests may be conducted in the field or in the laboratory. 
When testing is not practicable and at least an approximate coefficient is 
required, reference may be made to Fig. 3-8 to obtain at least the order of 


k in ft./yr. 
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magnitude of permeability coefficients for various soil types. Experi- 
mental values* of permeability coefficients for materials ranging from silts 
and sands to open gravel and stone are given in Fig. 3-9 to illustrate the 
effect of the change from laminar to turbulent flow. 


Variability 

Permeability as defined above is not a constant for a particular soil type. 
It is affected by, among other things, soil density. This is due to the fact 
that with compaction, the diameter of the pore passages changes. This 
is one reason for undertaking the compaction of soil in levees or earth dams. 
When a compaction operation is in prospect, the variation of k with density 
may be established by making permeability tests on remolded specimens 
which are respectively fairly loose and fairly dense. It has been found that 
if k values are plotted against e values using a logarithmic scale for k and 
an arithmetic scale for e, the semilog diagram will be essentially a straight 
line. The variation of permeability with void ratio, however, is relatively 
small compared with the effect of slight variations in particle size and gra- 
dation on permeability. Hence extreme accuracy in making permeability 
determinations for a few selected specimens from a natural formation is not 
appropriate, since at other locations in the same formation, the soil may be 
just different enough in texture or density to make a change of several 
hundred percent in permeability. 

What may perhaps have greater effect than density on permeability is 
degree of saturation. Although it was previously stated that soil occupied 
by gravitational water could normally be assumed to be saturated, there are 
circumstances in which gravitational flow can occur in partially saturated 
soil. This is also true of capillary flow. Perhaps the most common situa- 
tion is when flow of either type is initiated in dry or partially saturated 
material. The air which occupies at least some of the voids under these 
conditions cannot be immediately displaced, and so long as it remains it 
effectively blocks flow through a certain percentage of the available pore 
passage area and therefore reduces the permeability. Among other things, 
this often creates a practical difficulty in conducting permeability tests. 
It can also be seen to affect flow from a reservoir through a newly con- 
atructed earth dam or a levee. 


8-13. Gravitational Flow 

Rate of Flow. In engineering, application of Darcy’s law is usually 
made to calculate or estimate the flow of gravitational water through 
saturated goil. Such applications are least complicated when the flow 
is laminar and the flow boundaries are fixed by natural conditions, as 
in a pervious stratum with impervious materials on either side, ‘The peryi- 
ous layer in this case is termed an aq uifer, and the flow which takes place 


*B, K, Hough, op, eit, p, 40, 





72 BASIC SOILS ENGINEERING 


—would be termed artesian flow if pressures in the aquifer are sufficient to 
raise the water in wells to levels above the ground surface, or, more pre- 
cisely, above the ground water table. These conditions, which are illus- 


Impervious 





Fic. 3-10. Artesian flow in aquifer. 


trated in Fig. 3-10, are similar to those investigated by Darcy. Examples 
of calculations for flow under these conditions are given below. 


Example 3 


Given: Referring to Fig. 3-10, the permeability coefficient of the aquifer is 
0.05 em./sec. or roughly 50,000 ft. per yr.;* the water levels in stand- 
pipes or wells at points A and B are at elevations 100 ft. and 90 ft. 
respectively, and the distance between A and B is 300 ft. The aquitéd 
has an average thickness of 20 ft. 

Required: Calculate the rate of flow in gallons per minute per foot of width of 


aquifer perpendicular to the cross-section. Assume laminary 
ow. 


Using the Darcy equation in the form 


a= 50,000 10 1 , 
305 x 24 © 60 x 300 xX 20 X 1 X 7.48 = 5 8al./min./ft. Ans. 


Note that k in feot per year may be obtained b mt Iti »lyin k in centimeters or 
| 
p y AAT ” & } 
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‘To illustrate the unusual case when turbulent flow should be assumed, 
(he following example is given. The effect of turbulence cannot be judged, 
however, by comparing the answer obtained in this case with that for the 
preceding example, since there not only is a difference in the exponent of 
(he gradient but also a big difference in the permeability coefficients. 


Example 4 


Given: Referring to Fig. 3-10, assume that the material in the aquifer is an 
open gravel with permeability coefficient k = 50 cm./sec. Other con- 
ditions are the same. 

Required: Rate of flow per foot of width of the aquifer. Assume turbulent flow. 


Use the Darcy equation in the form 
HN 
.= (7) ss 


0.65 
) xX 20 X 1 = 3.6 sec.-ft./ft. or 1600 gal./min./ft. Ans. 


Ansume n = 0.65. 


50 10 
Q = 30.4 * \300 
Calculation of discharge becomes increasingly difficult as boundary con- 
ditions become more complex. One situation which almost always leads 
(0 complications is when the phreatic surface itself becomes the upper 
houndary of flow. Several illustrations of this situation were given in 
lig. 3-5. In making any estimate of seepage, however, determination of 
(he permeability of the soil is an important first step. As previously ex- 
plained, permeability coefficients have a greater range of values than 
particle diameters and even in a seemingly uniform formation may vary 
many hundred percent. The influence of such variations on flow may be 
judged from the Darey equation. Thus the problem of establishing a 
reasonably accurate permeability coefficient sometimes overshadows the 
importance of exact location of flow boundaries. 

Analysis of flow through stratified materials and flow with complex 
boundary conditions requires procedures which are considered to be beyond 
the scope of this text. 

low Nets 

There are numerous occasions when it is of interest in soils engineering 
to make a graphical representation of the flow pattern and the rate of 
energy loss in an area through which ground water is moving. Such a 
representation is called a flow net, As shown in Fig. 3-11, lines used to 
indicate the direction of flow are termed flow lines. Each flow line is a 
trace of the path followed by a particular drop of water as it moves through 
the soil. For conditions of laminar flow, flow lines never intersect or cross. 
low boundaries are referred to as the top and bottom flow lines for a given 
net, 
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Fig. 3-11. Flow nets. 


Lines drawn at right angles to flow lines can be shown to connect points 
at which the total head or energy, as previously defined, is the same. If 
manometers are connected to a number of points on one such line, the water 
a each will rise to the same level. These lines are known as equipotential 
anes. 

For any given condition an infinite number of flow lines and equipotential 
lines could be drawn. For certain purposes, however, it is convenient in 
constructing flow nets to use only those lines which create figures like 
abcd [Fig. 3-11(a)], which are termed squares because their median lines are 
equal and their boundaries have orthogonal intersections. When this is a 
requirement, flow net construction becomes relatively difficult, especially 
for nonuniform soil conditions, and may properly be considered a task 
for a specialist. However, nets constructed with random flow lines and 
equipotential lines can sometimes be at least approximated by the non- 
specialist and used to advantage in certain problems where seepage effects 


are involved. This topic is further discussed in several of the succeeding 
chapters, 
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3-14. Capillary Flow 

Characteristics. Although a great deal of attention is given in engineering 
(o capillary rise, capillary flow can occur in any direction, the tendency in 
uniform soil being for water to move from a region of a high degree of _ 
suturation to one of low saturation. This is of importance in highway 
engineering for example, where it is a matter for concern if water from 
uny source enters the subgrade. In this connection, capillary flow 
from saturated areas adjoining the highway would be as objectionable as 
uny other type of ground water movement. In lateral flow, as the wetting 
lront advances into dry or partially saturated ground, the energy head 
iemains constant, but the gradient steadily decreases as the distance from 
(he source increases. In upward flow the total energy available at the 
wetting front decreases with distance above the phreatic surface. 














Pumping 

When equipment passes repeatedly over an area of fine-grained soil in 
which a zone of high saturation exists at some depth, the resultant kneading 
action initiates or stimulates a fairly rapid upward movement of the water 
io the ground surface. This form of ground water movement, probably 
involving capillarity, is referred to by construction men as pumping.* 
letailed analysis of the factors involved has not been made. It is possible 
(hat the action of the traffic helps to expel air from air-filled voids, per- 
mitting the latter to fill with water by capillarity. Whatever the cause, 
pimping is a matter for serious consideration in construction operations 
and must be taken into account in controlling soil compaction. 


Basic Requirement 

Among the many requirements for capillary flow the most important is 
(he existence of an air-water interface at which meniscus formation can 
uke place. In the absence of such an interface it is difficult to demon- 
strate that capillarity is a contributing factor to ground water movement. 
‘his has application particularly in connection with the migration of water 
into zones of freezing, a subject which is discussed below. 


3-15. Osmotic Flow 

Theory of Osmosis. When the concentration of a solution at one point 
differs from that at another point, there is a tendency for the more dilute 
liquid to diffuse into the region of higher concentration. Ordinarily the 
ronult is that the concentration soon becomes uniform. However, if the 
difference in concentration is in some way maintained, several effects are 
created. 

A classic demonstration of osmotic effects is conducted with a U-tube, 
us shown in Fig, 3-12, in which a semipermeable membrane has been placed 





*The movement of soil particles through cracks and joints in pavements is also 
lormed pumping, 
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U-tube 


Salt 
solution 





Semipermeable 
membrane 


Fig. 3-12. Osmosis. 


to separate the two legs. If a salt solution is placed on one side of the 
membrane and pure water on the other, the pure water will enter the 
solution by passing through the membrane. Movement of the solute in 
the opposite direction is inhibited by the membrane. This one-directional 
movement is evidenced by a distinct lowering of the level of the pure water 
and a corresponding rise in level of the solution. 

In the above described experiment, the difference in concentration is 
provided in setting up the apparatus; and a difference in concentration is 
maintained thereafter by the membrane. A similar situation may exist 
in soils under conditions described below. 

The solid particles in fine-grained soils, especially clays, characteristically 
have a negative electrical charge due to certain irregularities and dis- 
continuities in their crystal structure. While this is involved in adsorption, 
it also results in attracting to the particle surface a number of the positively 
charged atoms (tons) of the dissociated minerals which are in solution in the 
surrounding pore water. In a statistical sense a fixed number of charges 
provided by these ions must always remain in the vicinity of a given clay 
particle in order to provide electrical balance. However, individually 
these ions may exchange places with others existing in or introduced into 
the clewator system. Thus they have come to be known as exchangeable 
ions. 

When, except for the exchangeable ions, the pore water is relatively free 








p - The complete designation is exchangeable cations, since it is the positively charged 
ions which are attracted to the negatively charged surfaces of the particles, Positively 
charged ions are termed cations, since they are attracted to the cathode or negatively 
charged electrode in an electrolytic apparatus, Negatively charged ions being attracted 
to the anode are termed anions, 
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of dissolved material, the ion concentration normally decreases significantly 
with distance from the particle surfaces. When this situation exists there 
is a strong tendency for the more dilute water in the larger voids to diffuse 
into the region of high concentration near the particles in order to bring 
about a more uniform distribution of dissolved matter in the system. In 
opposition to this tendency, however, a local condition of high concentration 
near the particles is maintained by electrostatic forces. 

The above described condition creates a tendency toward osmotic flow 
as well as certain other results, which are to be discussed later. This and 
other effects attributable to the presence of the exchangeable ions is most 
pronounced in clays. A number of situations in which ground water move- 
ment caused by osmosis may be of practical interest are described below. 


Intake of Water During Swelling 
If a fine-grained soil, especially a clay, has been com ressed, it will 


normally take in water upon reduction in compressive loading. In many 


uses this intake of water may be attributed to osmosis. The pore water 
already in the soil is assumed to move into regions of higher concentration 


hetween the particles. More water is drawn into the soil in this process, 
and gradually the water content of the mass as well as the soil volume are 
significantly increased. An evident requirement for this action is that the 
woil be in contact with a supply of relatively free water. This subject is 
dixcussed in greater detail in the chapter devoted to soil compressibility. 


Migration of Water into a Zone of Freezing 

It has been observed that under certain conditions, when the ground 
freezes the surface of the ground rises. This is termed frost heaving. Calcu- 
lutions show that in many cases the amount of the heave is far more than 
an be accounted for by the expansion of water on freezing. It is therefore 
anwumed that additional water must be drawn into the freezing zone. This 
wssumption is borne out by examination of frozen ground. It is quite 
wommon, for example, to find substantial layers of clear ice in the zone of 
froozing, as shown in Fig. 3-13. Further evidence is found when the ground 
(haws and becomes in many instances virtually liquid. 

A current theory as to the cause of the movement of water under these 





Ground woter 


Via, 8-18, Formation of ice layers in sone of freezing, 
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conditions is as follows: It is assumed that conditions in the soil at the 
point where freezing is taking place may be represented as shown in Fig. 
3-14. As water in contact with the underside of the ice freezes, the film 


Mee) hy 


TTT TTT 


(THD D\> 


Particles 








Suggested by R. D. Miller 
Fa. 3-14. Cause of flow into zone of freezing. 


in which the exchangeable ions exist is reduced in thickness. This has the 
effect of increasing the concentration and stimulating osmotic flow of 
va ee 2 long as flow into the area beneath the ice occurs at 

e same rate as the freezing, the water wi P i 
ary nara - e water will force the frozen section upward, 

There are two opposing effects in this situation. On the one hand, the 
more finely divided the soil, the more pronounced is the effect of the ex- 
changeable ions, as a rule. However, in fine-grained soil the peitasbilit 
Is low. This situation is reversed in coarse-grained soil. One ee 
is that neither clays* nor coarse-grained soils are as objectionable fh regard 
to frost heaving as silts. Although the water already in a clay or a coarse- 
grained soil may freeze, the movement of additional water into the zone af 
freezing is minimized. Furthermore, a soil which in itself might be regarded 
as a frost-susceptible material would exhibit less tendency to heave if it 
were underlaid by impervious clay, as the latter would limit the amount of 
water which could enter the zone of freezing. Further discussion of 
frost susceptibility and frost heaving is given in Chapter 13 in reference to 
the supporting capacity of highway and airfield subgrades. 

Electro-Osmosis 

It has been known for many years that if two electrodes are installed in 
saturated ground and a direct current is applied, there will be a movement 
of the ground water from the region of one electrode to the other. Normally 
the movement is toward the negative electrode (cathode). If the latter is 
constructed as a well point, the water can enter the point and be Baindaed 
by pumps. This phenomenon is utilized in what is now becoming generally 

"An additional effeet which may occur in clay is supercooling, that is, a lowering of 


she fressiag point of the water in the finer capillarios, Thus at lomperaturos when water 
reeves in coarser soll, the pore water in claya may remain unfrosen, . 
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known as electrical drainage. The principle involved is termed electro- 
osmosis. 

The presence of the so-called exchangeable ions near the surfaces of the 
solids in fine-grained soils has been described above. Although statistically 
ihese positively charged particles are held by the soil grains, they are free 
(o move away if immediately replaced.* Under the influence of an electric 
current the exchangeable ions, which in general are positively charged, 
move toward the negative electrode. They are replaced by positive hy- 
drogen ions produced by electrolysis of the water. 

The movement of the exchangeable ions toward the cathode stimulates 
1 flow of water in the same direction. Through viscous friction the ex- 
changeable ions exert a drag on the water near the walls of the pore passages. 
‘This type of flow is unique in that the velocity of flow near the walls is, 
relatively, considerably greater than in gravitational flow. Under certain 
conditions it is considered possible that in electro-osmotic flow the velocity 
near the wall may equal or exceed that at the center of the passage. 

The principle of electro-osmosis has been used in practical engineering 
upplications. It is particularly effective in silts which normally are hard to 
drain by conventional methods. 


PROBLEMS 


3-1. Give at least two examples of situations in which the chemical composition 
of water would be of engineering importance and two in which it would not. 
3-2. What three classes of water are found in soil? 
3-3. What is the distinction between liquids which are adsorbed on the surfaces 
of soil particles and those which are not? 
3-4. What physical property of soil would be suitable as an index of the amount 
of water which could be held by adsorption? 
(3-5. Why is adsorption of interest in connection with the flow of gravitational 
waler? 
3-6. May adsorbed water be removed from soil? Explain. 
8-7. Is adsorbed water found below the phreatic surface? 
3-8. Why does capillary rise occur with water in contact with glass and capillary 
drawdown with mercury in contact with glass? 
3-9. Calculate the height to which water would theoretically rise in a capillary 
(ube of 1-micron diameter. 


8-10. What is the absolute pressure in psi in the water just below the meniscus 
in a capillary tube where the height of rise in 60 ft, above a free-water surface at 


atmospheric pressure? 


*'Thin replacement process is termed an exchange reaction, In eloctro-oxmonsis the 
olay in converted to a hydrogen clay, 
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3-11. Assuming that equations developed for height of capillary rise in constant- 
diameter tubes can be applied, calculate the net compressive stress on a soil pat 
at the shrinkage limit where the average diameter of the surface pores is 0.0012 
mm. 


3-12. (a) Name at least one of the several practical limitations on the height of 
capillary rise in soil. (b) What is considered to be the principal cause of shrinkage 
in a saturated fine-grained soil? Explain. 


3-13. Classify the water held in partially saturated silty clay at a distance of 
20 ft. above the phreatic surface. 


3-14. What is the basis for relating height of capillary rise to particle size? 


3-15. (a) How may capillary effects be destroyed? (6) Is capillary water found 
below the phreatic surface? 


3-16. (a) Is the ground water surface necessarily horizontal? (b) What dis- 
tinguishes the pore water at the phreatic surface from that in the fully saturated 
zones in fine-grained soil above and below the phreatic surface? 


3-17. (a) What is the pressure in a water-filled capillary in soil at a distance of 
10 ft. above the phreatic surface? (6) What is the water pressure 10 ft. below 


the phreatic surface? Assume the soil is fully consolidated under existing 


loads. 


3-18. What causes flow of gravitational water from one point to another in a mass 
of saturated soil? 


3-19. (a) During a heavy rainfall, water percolates steadily downward from the 
ground surface to the ground water table 10 ft. beneath. Using the ground water 
table as a datum, calculate the pressure head, potential head, and total head of 
the water at the ground surface and at the ground water table. (b) What is the 
hydraulic gradient under which flow takes place in these conditions? 


3-20. A steady flow of water takes place through a soil mass between two points 
10 ft. apart. The hydrostatic head at the first point is 20 ft., and at the second point 
itis 15 ft. (a) What is the average hydraulic gradient under which flow takes place 
between the two points? (6) What is the average hydraulic gradient for flow in a 
second mass of soil where all conditions are identical to those stated above except 
that the permeability of the soil is five times the permeability coefficient in the first 
case? 


3-21. State the principle of Darcy’s law for laminary flow of water through 
saturated soil. 


3-22. (a) Flow of gravitational water occurs through a saturated, silty sand 
formation at the rate of 1 cu. ft. per sec. (1 see.ft.), What will be the rate of flow 
if the head is doubled and the length of flow passage decreased one-third? (b) Flow 
of gravitational water takes place through open gravel at the rate of 5 sec.-ft. 
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What will be the rate of flow if the head is doubled and the length of flow passage 
decreased one-third? 


3-23. Demonstrate that the coefficient of permeability has the dimensions of a 
velocity. 

3-24. (a) It is reported that the permeability coefficients of two soils are 1 
om. per see. and 0.01 X 10~4cm. per sec. respectively. One soil is a clay, the other 
sand. Which coefficient applies to the sand? (b) Explain why the permeability 
of a clay is much less than that of a sand if the porosity of the clay is twice that of 
the sand. 


3-25. Using the Hazen approximation, determine the coefficient of permeability 
in centimeters per second of fine sand with an effective size of 0.1 mm. 


3-26. What is the approximate textural classification of a uniform soil with a 
permeability coefficient of 100 X 107‘ centimeters per second? 


3-27. Write an expression for Hazen’s approximation with & in centimeters per 
second and Do in millimeters. 


3-28. A permeability test is conducted on a soil specimen 10 in. in length and 16 
vq. in. in cross-section. The total head at one end of the specimen is maintained at 
1 value of 3 ft., and that at the other at 6 in. Under these conditions the rate of 
(low through the specimen is found to be 100 cc. per min. What is the coefficient of 
pormeability of the specimen in centimeters per second? 


3-29. A constant-head permeability test is conducted under a gradient of 0.5. 
‘The area of the sample is 1 sq. ft., and the measured discharge is 0.01 cu. ft. per min. 
What is the permeability coefficient of the sample in feet per minute? 


3-30. At void ratios of 0.3 and 0.7, respectively, the coefficients of permeability of 
i soil specimen are 5 ft. per yr. and 50 ft. per yr. What would be the permeability 
coofficient at e = 0.48? 


3-31. The permeability coefficients of specimens of a given soil with unit dry 
weights of 105 lb. per cu. ft. and 138 lb. per cu. ft. respectively are 0.8 x 1074 
om, per see. and 0.05 X 10-4 cm. per sec. What would be the coefficient for the 
iaterial at a unit dry weight of 123 lb. per cu. ft.? 


9-33,) Seepage takes place through an aquifer which is 10 ft. thick. The flow 
urudient is 10, and the permeability of the porous medium is 90 X 10~¢ em. per sec. 
What is the rate of flow per foot of width of the aquifer in gallons per minute? 


8-33. How much water will flow in one minute through a soil mass 18 cm. long 
and 6 X 6 em, in cross-section under a constant head of 10 em. if the permeability 
ooflicient is 10 X 10-4 em. per sec.? 


$-84. How much water will flow in one minute through a mass of gravel 3 ft. long 
wand 4 aq, ft, in cross-section under a constant head of 10 ft, if the permeability 
voofficient is 10 em, per sec,? 
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3-35. Define (a) flow line, (b) equipotential line. 


3-36. The soil at a given location is completely saturated. To a depth of 2 ft. 
all soil moisture is frozen. Can capillarity be the cause of migration of additional 
water into the zone of freezing under these circumstances? Explain. 





CHAPTER 4 
SOIL STRUCTURE 


4-1. Definition and Significance. As previously stated, soil is a combi- 
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other gases. These markedly different materials may be considered the 
structural components of soil. Their spatial arrangement and interrelation 
determine the structure of a given soil formation. Structure is of interest 
to the soils engineer in connection with the bearing value, compressibility, 
and shearing resistance of soil, much as the arrangement of members in a 
space framework is of interest to the structural engineer. Structure is also 
an important factor in soil permeability and many other soil properties. 


4-2. Sources of Information on Structure 

Direct Observation. Soil particles and pore spaces larger than about 
(0.05 mm. in diameter can be seen with the naked eye. This makes possible 
direct observation of structural features in soil formations containing 
individual particles of this size and larger. When smaller particles combine 
to form little clusters or aggregates of 0.05-mm. diameter and larger, the 
structural effects created by these aggregates may also be observed directly 
although the individual particles may be of microscopic size. For cases 
when direct observation is possible, the physical characteristics of each 
type of structure are fairly well established and described in the literature. 
Reliable information on the structure of soil with particles of microscopic 
size is more difficult to obtain; in fact, when individual particles or aggre- 
gates are not visible, the pedologist might say that the soil has no structure. 


Microscopic Studies. When direct observation of structure in un- 
disturbed formations is impossible, attempts are sometimes made to 
obtain undisturbed soil specimens for microscopic examination in the 
laboratory. Difficulties multiply rapidly in such an operation, and accuracy 
of results may be seriously impaired. In certain cases no results at all can 
be obtained in this way. The problems involved are the following: 

Any sampling procedure involves the risk of disturbance of the very 
features Whict-are to be observed, namely, the arrangements of the struc- 
tural components. Not only may the arrangement of elements in the solid 
phase be disturbed, but, what may be more important, the water or air 
content of the soil may be significantly changed. Certain particle arrange- 
ments and spacings are possible only at certain water contents; hence any 
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change in water content may be damaging. This virtually eliminates the 
electron microscope as a tool for observing soil structure, since it can be 
used only for examining specimens under high vacuum. 

Another difficulty with microscopic examination of soil specimens arises 
when it is found that the soil particles differ in size by many orders of 
magnitude. This effectively prevents bringing the whole face of the 
specimen into sharp focus for observation or photographic purposes and 
seriously interferes with examination in depth of the void passages. 

The microscope, therefore, is useful chiefly for studies of the physical 
characteristics of individual soil particles. A considerable amount of very 
valuable information has been obtained by this method on the shape and 
thickness of even the finest clay platelets. 


Deduction. In the absence of information obtained by direct ob- 
servation on the structure of soils with microscopic particles, it is necessary 
to make deductions based on knowledge of other soil characteristics. The 
available information on particle size and shape, for example, is basic in 
developing acceptable structural concepts. In addition much is now known 
about the nature and magnitude of the forces which operate in clay-water 
systems between the particles themselves and between the liquid and solid 


components of these systems both during and after sedimentation. Finally, - 


there is a substantial fund of empirical information on the density, com- 
pressibility, permeability, and shearing strength of clays which can be 
related to structure. With such information it is possible at least to de- 
termine which structural arrangements might conceivably exist in fine- 
grained soils and which ones probably could not. 


Coarse-grained Soil 


4-3. Textural Characteristics. For purposes of this discussion, coarse- 
grained soil is considered to be composed chiefly of particles of primary 
minerals. As previously noted, such particles are of bulky shape and are of 
such size as to be influenced primarily by gravitational rather than colloidal 
forces. Inorganic, nonplastic silts and sands as well as coarser materials 
would fall in this category. 


4-4, Single-Grain Structure. As a consequence of the size and shape of 
the individual particles, coarse-grained soil formations have what engineers 
describe as single-grain structure. Some of the distinctive features of single- 
grain structure are illustrated in Fig. 4-1 and discussed below. 


1. Individual particles are of bulky shape and are large enough to be 
seen with the naked eye. Pore passages have average diameters of the 
same order of magnitude as the smaller particle diameters (the effective 
size, for example), ‘Total void volume seldom exceeds volume of solids. 
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Fic. 4-1. Single-grain structure in granular soil. 
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‘This type structure is one of the few which may be approximated by ac- 
cumulations of spheres. 

2. A basic implication of the term single rain is that there is virtuall 
no effective combination of particles to form aggregates.* Each particle 
functions individually in the soil framework. 

3. The particles may be considered to be in direct, solid-to-solid contact 
with adjacent particles. Actually, solid contact is a relative matter, and 
even fairly large soil particles may be separated by films of air, water, or 
other foreign matter. However, for many practical purposes, interparticle 
contacts are usually assumed to exist extensively throughout coarse- 
wrained soil formations. The rounded or irregular shape of coarse particles 
provides many opportunities for contact over very small areas—virtually 
point contact, in fact—where relatively high pressures can be created by 
only moderate gravitational or applied forces. 

4, It is considered that by virtue of interparticle contacts, the solid phase_ 
of a soil with single-grain structure constitutes_a—continuous,—stress-re— VY 
vistant framework. It is quite evident that this framework is the load- 
hearing member in a formation of perfectly dry soil, and it is assumed that 
this is also true in moist or saturated soil. In saturated soil the liquid 
phase may at times play a part in supporting loading under certain condi- 
(ions, but with coarse material this would normally be a temporary situ- 
ution. For most equilibrium conditions, the soil framework serves ex- 
clusively as the stressed member in coarse-grained soil, and pressures in the 
liquid phase are independent of soil-loading. 

5. Although coarse-grained soils are subject_to significant_changes in 
density as a result of changes in particle arrangement or packing, they would 
ho described as having single-grain structure at any possible void ratio or 
water content. Furthermore, no amount of loading, shearing, or other 
disturbance would change this structural designation. It will later be seen 
that this is in contrast to the situation in fine-grained soil. 

* Aggregation of coarse-grained soil, when it ocours, is usually due to temporary 


bonding by organic materials and is therefore most common in partially saturated 
wurface soila, It is not very common in formations at any significant depth, 
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Colloidal Material 


4-5. Effect on Soil Behavior. At the opposite end of the grain size 
range from the particles in coarse-grained soil, particles of colloidal size are 
found. Although it may be that natural soil formations consisting ex- 
clusively of colloidal material are rare, the properties of extremely fine- 
grained soil often dominate or control the behavior of mixed soils. Of these 
properties, structure is one of the most important. 


4-6. Particle Size and Shape. By general agreement, the upper limit of 
the colloidal size range is set at approximately 1 or 2 microns. The lower 
limit may be taken as merely the next order of magnitude greater than mo- 
lecular sizes, namely, from 10 to 100 Angstrom units (A). In natural 
soils, particles within this range are almost invariably composed of second- 
__ary minerals. The crystal structure of most of these minerals is such as to 
create planes of weakness in the particles; hence the fracturing and breakage 
which occurs during weathering and transportation often produces plate- 
like fragments, which for many purposes may be visualized as minute flakes 
of sheet mica. An electron-photomicrograph of a number of individual 








Tia, 4-2, Plato-shaped clay particlos, 
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Fig. 4-3. Distinctive features of kaolinite platelet. 


particles of a kaolin clay having this characteristic shape is reproduced in 
ig. 4-2. Because it is difficult to preserve all details of the original photo- 
graph in a textbook reproduction, a sketch of a typical platelet of a kaolin 
clay has also been made, as presented in Fig. 4-3. This sketch shows a 
platelet in cross-section and perspective. From the sketch it will be ob- 
served that rather than being perfectly flat, the clay particles are believed 
to be terraced. This may have significance in connection with structural 
arrangement of particles and soil compressibility and probably has direct 
bearing on minimum void-ratio values. 

It may also be seen that the length and breadth of these platelets tend 
to be approximately equal. However, the ratio of thickness to over-all 
length or breadth of kaolin platelets may be 1 to 10 or even less. Such 
particles consequently present a large amount of surface area, an important 
consideration in a system characterized by powerful surface forces. Other 

















Approximate Range of 
Actual Dimensions 
in Angstroms 
Ratios of 


1,000 to 20,000(2 1) | 100 to 1000] 10 | 


* Alwo referred to aa Bentonite, commercially available aw Volelay, 
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Characteristic 


Montmorillonite* 
Ilite 


Kaolinite 


10x10 x1 





Mia, de4, Dimensions of typieal clay platelets, 
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clay minerals having plate-shaped particles are illite and montmorillonite 
Photomicrographs of particles of these two minerals are given in the 
Appendix, The average dimensions of particles of these minerals and of a 
kaolin clay are given in Fig. 4-4. 

Clays with particles believed to be rod-shaped also exist. These include 


halloysite and attapulgite. A photomicrograph of particles of attapulgite 
is given in Fig. 4-5. 


come 





Fia. 4-5. Needle-shaped clay particles. 


Although many features of individual particles of the above described 
size and shape can be observed directly, the structure or particle arrange- 
ment in clay formations can only be hypothesized. In developing theory 


as to clay structure it is necessary to recognize that these minute particles 
constitute a colloidal system in which particle spacing and arrangement 
may be influenced by such effects as flocculation or by the repulsive forces 
which may operate when flocculation is inhibited, In this connection the 


pw described osmotic effects found in clays may play an important 
role, 
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4-7. Structure of Clays 

Osmotic Effects. When a relatively high concentration exists in one 
region in a solution and is maintained, as by a membrane, the tendency 
toward osmotic flow may result in the development of an appreciable 
pressure. In the previously described U-tube experiment, the existence of 
such a pressure is indicated by the difference in the levels of the liquid on 
either side of the membrane. In clay soils, where a difference in concen- 
tration is maintained by the attraction of exchangeable ions to particle 
surfaces, an osmotic pressure develops in the water between clay platelets, 
creating the same effect as a repulsive force. When this situation exists 
it is considered possible that a condition of continuous solid-to-solid contacts 
throughout the clay is not an absolute requirement for stability; in fact, 
evidence exists that there may be a significant separation of a fair number 
of particles even in clays under appreciable compressive loading. This 
theory is discussed in greater detail in Chapter 5, which deals with soil 
compressibility. 

The difference in ion concentration which leads to the development of 
osmotic pressure in clays is reduced when relatively large amounts of dis- 
solved materials are present in the bulk water. In the absence of a repulsive 
effect between particles, flocculation may occur. This results in the aggre- 
vation of particles to form loosely knit clusters known as flocs. 


Sedimentation Conditions 

One* of the main processes _by which clay formations are created_is 
sedimentation. When thoroughly dispersed, colloidal material in suspen- 
sion either settles out very gradually (particle by particle) or else flocculates 
and settles rapidly in the form of aggregates or flocs. The nature of the 
sedimentation process presumably affects the type of structure which is 
built up at least initially in the sediment. 

Whether particles settle out of suspension individually or as flocs de- 
pends largely on the concentration of dissolved materials in the liquid. 
Usually the tendency toward flocculation is reduced} with virtually pure 
water, since these conditions favor the development of a significant osmotic 
pressure between particles which opposes aggregation. With a relatively 
high salt concentration in the bulk water this effect is weakened. Thus 
there may be certain sedimentary clays which were laid down in fresh water 
without flocculation. It is considered more likely, however, that the major- 
ity of sedimentary clays first settled out of suspension in a flocculated con- 
dition,t since even in fresh water there are normally significant amounts of 
dissolved minerals. The initial condition of a clay, however, may be altered 


* Angther process is the weathering of rock and gravel to form residual clays. 

{It is for this reason that distilled or domineralized water is used in preparing soil 
suspensions for mechanical analysis by the hydrometer or pipette method, 

{It is somewhat unusual to find a natural soll which does not flocoulate when put 
into suspension without a deflocoulating agent, 
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during soil-formation processes, as explained below. Thus it cannot be 


taken for granted that a flocculated condition still exists in all or most clay 
formations today. 


Flocculent Structure 


When the particle arrangement caused by flocculation still exists, it is 


_ said that the clay has a flocculent structure. An hypothesis for flocculent 
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Fic. 4-6. Hypothesis for flocculent structure in clays. 


structure in a clay at its liquid limit is presented in Fig. 4-6. The clay 

latelets are depicted as being mainly in edge-to-face contact. Face-to- 
face contacts are considered most unlikely, since even in the more con- 
centrated electrolyte in which flocculation normally occurs, an appreciable 
osmotic pressure still operates between closely spaced, parallel particle 
surfaces. Furthermore, there is some evidence of the existence of a local 
condition of positive polarity at particle edges which would result in attrac- 
tion between the edge of one and the flat, negatively charged surface of an- 
other particle. 

Distinguishing features of flocculent structure are the relatively weak 
hut presumably continuous, open framework and the relatively large- 


diameter void passages. Phe aia 
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Dispersed Structure 

Although flocculent structure as represented in Fig. 4-6 may appear to 
be a reasonably stable type of particle arrangement, the reverse is actually 
the case. Any appreciable disturbance, especially a shearing action, tends 
to reduce the angle between adjacent plates. As this occurs, osmotic 


pressure which is inversely proportional to particle spacing,* acts to force 


the plates apart, as shown in Fig. 4-7. If contact is lost, the plates assume 
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Fia. 4-7. Effect of osmotic pressure on particle orientation. 


approximately parallel positions. Although separated, their arrangement 
is then more stable. Soils in which this type of particle arrangement exists 
ure said to have a dispersed structure. 

Two different illustrations of the concept of dispersed structure are 
yiven in Fig. 4-8. One extreme is the concept of the structure of a fully 
dispersed sodium mortmorillonite. The particle spacings shown in Fig. 
| 8(a) are those which would exist in this clay at the liquid limit (LL = 
700 percent). Sodium kaolinite, which has larger and thicker particles, 
ix shown in Fig. 4-8(b). It is represented as being fully dispersed at its 
liquid limit, but since the liquid limit for this clay is 53 percent instead of 
700 percent, the particle spacing is considerably less. 

When the water content of a clay formation is reduced to values sig- 
nificantly less than the liquid limit, it is considered probable that a floccu- 
lent structure, if it existed originally, would be changed to the type of 
structure referred to above as dispersed.t It is assumed that shear or in- 





place compression of the clay involves sufficient local strain or distortion 


of the soil framework to bring about the necessary change in particle 
orientation. Thus, although a flocculent structure may initially be quite 
yeneral in sediments of colloidal material, it is considered that a dispersed 
xtructure is more likely in clays which have reached a reasonably firm 
consistency. 

Distinctive features of dispersed structure are the approximately parallel 
position of adjacent particles and the almost complete absence of contact 
between particles. In these clays it is the liquid rather than the solid phase ¢ 

* See Chapter 5, Section 5-5, 


| A specimen of such a clay would probably refloceulate, however, if removed from 
the formation and put in suspension in the laboratory, 
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Fia. 4-8. Hypothesis for dispersed structure in clays. 
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which is continuous. The solids are present as inclusions in a liquid matrix. 
The strength and behavior of such clays depend largely, therefore, on 
characteristics of the colloidal system as a whole, and on osmotic pressure 
in particular. 


Match-Stick Structure 

Clays having elongated or rod-shaped particles are believed to have what 
may be termed match-stick or jackstraw structure. Here it is imagined that 
the particles have the random, jumbled arrangement of matches spilled on 
a table. The extensive, three-directional interlocking of particles in such 
an arrangement is reflected in the fact that such clays have an unusually 
high shearing strength. The structure is sufficiently open, however, so 
that these clays also have a relatively high permeability. 


Supporting Evidence for Structural Hypotheses 

The above described concepts of clay structure are in accord with present 
knowledge of the following fundamental properties of clay. The clay 
platelets illustrated in Figs. 4-6 and 4-8 are correctly represented as to 
both shape and ratio of thickness to breadth. Representations of clay 
structure depicting an assumed arrangement of spherical or bulky particles 
are probably less realistic than the above. 

In Fig. 4-6 the ratio of solid matter to void space is in accord with com- 
mon knowledge as to soil density. For example, the liquid limit of calcium 
montmorillonite is on the order of 500 percent. At this consistency the 
void ratio is about 13.5 and the porosity is over 90 percent. Therefore in 
any representation of the clay in this condition, the solids must occupy 
only 10 percent, or less, of the total soil volume. 

The concept of dispersed structure is in accord with existing information 
as to the development of osmotic pressure in the water between flat plate- 
lets of colloidal size. The indicated spacing of the particles is in agree- 
ment with data from diffraction studies. Further evidence, supporting 
the concept of dispersed structure, is found in the behavior of clays in 
shear. At a given water content, for example, it is found that pressure 
normal to the shear plane has little if any influence on the shearing strength 
of saturated clays. As discussed more fully in Chapter 6, this is evidence 
that Soltd=fo-solid contacts are largely absent and that the liquid phase is 
the continuous member of the complex. 





Mixed Soil 


4-8, Definition. The term mixed soil may be applied to any com- 
bination of the four main textural classes: gravel, sand, silt, and clay. 


Irom the viewpoint of structure, mixed soils of greatest interest are prob- 
ably those which contain at least a measurable amount of clay. The manner 
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in which the clay is distributed and its consistency at various points in the 
soil mass are matters of primary importance. 
4-9. Structure 


Coarse-grained Framework. There appear to be two main possibilities as 
to structure of mixed soil. The first is that the coarser particles are arranged 
in single-grain structure forming a continuous, relatively incompressible 
solid framework and that the clay is found almost exclusively in the voids 
as shown in Fig. 4-9(a). Under these conditions, as long as a soil formation 
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Fie. 4-9. Hypothesis for structure of (skip-graded) mixed soils. 


Clay i's 


remains structurally undisturbed, a very considerable loading may be 
applied without creating significant compression in the clay. Disturbance 
of such soil would tend to bring loading on the soft, unconsolidated clay 
and to make an abrupt change in the supporting power and stability of the 
soil. For example, certain alluvial formations which have every appearance 
of being essentially composed of compact silty sand and gravel, when 


handled in earth-moving operations, will produce material which will 
literally flow, 
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Clay Matrix 

The other possibility is that the larger particles and stones do not form 
a continuous framework but are present as inclusions in the clay, as shown 
in Fig. 4-9(b). In such a case the clay itself forms the load-bearing mem- 
ber, and it is compressed under any loading which may be applied. Dis- 
turbance has less effect on soil formations of this nature. 


Particle Aggregation 


In partially saturated mixed- or fine-grained soils, the occurrence of 
natural aggregates is not uncommon, as previously mentioned. These 
aggregates consist of clusters of very fine particles, which may occasionally 


include larger particles in the silt and sand range. Natural aggregates are 


renerally very weak and will not withstand prolonged soaking or handling. 
certain soil characteristics. In effect, aggregation tends to change a fine- 
rained soil to a coarse-grained soil. Thus aggregation increases _perme- 
ability and decreases soil cohesion. Atterberg limits, chiefly the liquid 
limit, are also reduced. These changes are important in agronomy, where 
it is said that aggregation improves the tilth. Engineers say that aggre- 
vation results in upgrading a fine-grained soil. For engineering purposes, 
a more permanent aggregation is highly desirable in many types of con- 
struction, notably in the improvement of highway and airfield subgrades. 
‘This may be accomplished to some degree by the use of additives, ranging 
from asphaltic products to various forms of chemicals. 

Aggregation (as the term is used above) offers a means of improving the 
structure of fine-grained soil. It has somewhat the same effect as floccu- 
lation, although it is conducted on a much larger scale. Aggregation is 
often, though not invariably, desirable in engineering, and it represents a 
very interesting possibility for improvement of the natural characteristics 
of weak or heavy soils. 





PROBLEMS 
4-1. What is the approximate diameter of the smallest soil particles which can be 
seen with the naked eye? 


4-2. Name one of the most serious difficulties in use of the electron microscope 
for observing the structure of undisturbed, saturated clay specimens. 


4-3. What are the most significant features of single-grain structure from the 
ongineering viewpoint? 
4-4, What are the approximate upper and lower limits of the colloidal size range? 


4-5. Why are clay particles generally plate-shaped and particles of coarser soils 
of bulky shape? 


4-6. What is the relative magnitude of thickness to breadth of (a) particles of 
knolinite clay, (b) particles of illite, (¢) particles of montmorillonite? 





ye 
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4-7. Calculate the average spacing between particles in a saturated clay with 
dispersed structure at a water content of 300 percent. Assume flat particles 
1000 X 1000 X 100 Angstroms in size. 


4-8. Would flocculation be more likely in marine clay formations than in fresh- 
water lacustrian clay deposits? 


4-9. Should tap water or distilled water be used for preparing a soil suspension in 
which it is desired to prevent flocculation? Explain. ° 


4-10. I§it the solid phase or the liquid phase of the soil complex which is the con- 
ti ember in a soil with (a) flocculent structure, (b) disperséd structure? 

4-11. What are the distinctive features of (a) flocculent structure, (b) dispersed 
structure, (c) matchstick structure? 


4-12. What is the basis for the theory that clay formations of considerable 
depth may exist in which contacts between the solid particles are relatively un- 
common? 


4-13. How is it considered possible that in a formation of mixed soil subjected to 
considerable overburden loading, the clay fraction can remain in the liquid state of 
consistency? 


4-14. What does the term upgrading mean as applied to a fine-grained soil? 





CHAPTER 5 
COMPRESSIBILITY AND CONSOLIDATION 


5-1. Distinctive Aspects of Soil Compressibility. The compressibility of 
any material is indicated by its change in volume per unit of load increment. 
With soils, the term has the same implication, but there are special charac- 
teristics of soils which impose certain qualifications on this definition. 
Cohesionless soil, for example, is subject to appreciable change in volume 
as a result of shock or vibration which may be incident to or completely 
independent of static loading. The susceptibility of soil to volume change 
under these conditions is not regarded as an indication of compressibility. 
In saturated soils of any type there is an added consideration. The water 
which fills the voids may be considered virtually incompressible under 
ordinary pressure. Hence, in a mass of saturated soil no change in volume 
can occur without intake or expulsion of water. Especially in clay soils, 
movement of water occurs very slowly; thus, temporarily, a saturated clay 
may appear incompressible. It is necessary to state, therefore, that soil 
compressibility depends on the extent to which the material will eventually 
change volume under static loading. Thus, most clays are considered to be 
relatively compressible, granular soils relatively incompressible. 

5-2. Engineering Significance. Soil compressibility is mainly of interest 
to the engineer in connection with the prospect of settlement in structures. 
Here the engineer’s objective is usually to minimize or eliminate the settle- 
ment of structures rather than to predict the amount and rate of any 
appreciable subsidence. For the most part, modern structures cannot 
withstand unequal settlement or distortion. Minimizing settlement is 
usually accomplished by restricting the intensity of the loading applied to 
the weaker soils. It is the exception when the intensity of loading is arbi- 
trarily fixed. When the loading is fixed, the resulting settlement must be 
cither accepted or prevented, as by use of piling or by improving the sup- 
porting capacity of the soil. 

Both total magnitude and rate of prospective settlement are important 
to the engineer. There are situations in which an appreciable amount of 
settlement can be tolerated if it occurs as rapidly as the major loads are 
applied. Residual settlement, namely, the settlement which occurs after 
construction or loading has been completed, may be the major considera- 


tion, Rate of settlement is customarily discussed in soils engineering under 
the heading consolidation, 
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Compressibility Theories 

5-3. Particle Equilibrium 

Relation to Compressibility. The loads applied to soils during the course 
of ordinary construction operations or in engineering tests are relatively 
moderate, at least in comparison with loads and consequent stresses created 
in other construction materials. Compression of soil occurs, therefore, not 
through any significant change in volume of the matter of which soil is 
composed but through a change in position of the solid particles in a unit 
soil mass. Under compression the particles are forced into a condition of 
closer packing. During expansion, particle spacing and void volume must 
in some manner be increased. Factors affecting the equilibrium of indi- 
vidual solid particles are therefore of primary importance in connection 
with soil compressibility. 

Interparticle Forces 

Among the forces which are believed to act on individual soil particles 


there are the following: Forces tending to increase soil density or unit soil 
weight include body forces and stresses due to applied loading; and forces 


which tend to maintain particle equilibrium include reactions and frictional 
resistance to movement at points of interparticle contact. The latter are 
inherently of a passive nature in that they provide resistance to the type of 
particle displacement which occurs during soil compression but cannot act 
to cause soil expansion. In coarse-grained soil, expansion is accounted for 
by the bridging theory, which, as explained below, assumes that there is a 
certain amount of elastic deformation of individual particles. 

When interparticle contacts are largely absent, as in soil with dispersed 
structure, particle equilibrium is maintained by osmotic pressure in the 
pore water between adjacent platelets. That this pressure may vary in 
such a way as to cause a variation in particle spacing is explained in the 
following discussion of the osmotic pressure theory. 

It has been suggested in certain of the literature that molecular attraction 
may also play a part in particle equilibrium. It is represented by those 
who advance this theory that under certain conditions, two particles may 
be brought together in such intimate contact that the distance between the 
molecules in adjacent particles is no greater than the distance between the 
molecules in an individual particle. At least over a small area this would 
presumably lead to development of an interparticle bonding of the same 
order of magnitude as the bonding within the crystal lattice of the solid 
matter. Present evidence is that great force would be required to bring 
two particles into such close contact and that in all probability molecular 
attraction does not play a part in particle equlibrium, 

5-4. Bridging Theory. In the bridging theory it is assumed that through- 
out a.soil mass.a_certain number of solid particles bridge across the spaces 
in the solid framework, Under loading, those particles are subject to bend- 
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ing or elastic deformation rather than bodily displacement. On reduction 
in loading, the deformed particles return to their original alignment or 
shape, and expansion of the soil mass results. This theory is supported by 
the observation that the admixture of relatively small amounts of mica 
flakes will considerably increase the compressibility of a coarse-grained 
soil and its tendency to expand with reduction in loading. 


The bridging theory is evidently applicable only when interparticle con- 
tacts throughout the soil mass are numerous. This would be the case in 


coarse-grained soil with its characteristic single-grain structure. Tt might 
also account for certain aspects of the behavior of fine-grained soil with 
flocculent structure. 

The bridging theory would not apply, however, in a fine-grained clay 
soil with a dispersed structure, in which particle contacts are largely absent. 
It is also evident that the bridging theory cannot be used to explain the 
observed variation in the compressibility of clays with ion exchange, vari- 
ation in salt concentration, and other similar effects. For clays with dis- 
persed structure it is probable that the osmotic pressure theory applies. 


5-5. Osmotic Pressure Theory 

Essential Factors. The conditions leading to the development of osmotic 
pressure in the pore water between adjacent parallel platelets were de- 
scribed in the preceding chapter. An expression* for this osmotic pressure 
is given below as a means of identifying the essential variables. 


I= RT (Ca— C2) (5-1) 
in which 
II = osmotic pressure between adjacent parallel plates 
Rk = gas constant 
T = absolute temperature oe 
Ca = concentration of exchangeable ions at mid-distance between 


the two plates 
C, = ion concentration in the bulk water in the larger voids of the 


system beyond the two plates. 


The term Ca, which represents the exchangeable ion concentration at the 
mid-point between the plates, is affected by a number of characteristics of 
the system. An approximate expression for Ca, valid for systems in which 
Cis small, is 
2 


= a (5-2) 
Ca = ed + ky 
in which 
y = a term which indicates the type and valence of the 
exchangeable ions 
"G, TL. Bolt, “Physieo-Chemical Propertios of the Hlectrie Double Layer on Planar 


Surfaces” (Ph.D, thoala, Cornell University, 1054), 
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= a term which is essentially a constant for all clays 
one-half the particle spacing 
a term which varies with mineralogical composition 
(value for montmorillonite, 1 to 4 A) 
Laws for Pressure Variation 
From the above it may be concluded that for a given system, the value 


of Ca and hence the value of the osmotic pressure is inversely proportional 


to the square of the spacing between the two plates. Conversely, it is indi- 
cated that at a given spacing, osmotic pressure is a function of ion concen- 
tration in the bulk water and of certain properties of the clay. For a 
particular clay mineral the only fundamental property subject to variation 
is the type and valence of the exchangeable ion. Both theory and experi- 
ment indicate that at a given plate spacing, greater osmotic pressure de- 
velops in clays with low valence exchangeable ions, such as sodium, and 
less with the higher valence ions, such as calcium. 

_In applying the above theory to the compression of clays, it is assumed 
that equilibrium under a given pressure is reached when stress due to ex- 
ternal loading is approximately equal to osmotic pressure in the water 
between adjacent particles. Thus a sodium clay might be at equilibrium 
with a given loading in a very expanded condition (large particle spacing), 
whereas the same clay would be significantly compressed under the same 
loading if the osmotic pressure were reduced. Swelling tendencies are 
similarly affected. 

Experimental Verification 

Evidence that osmotic pressure is a factor in the compressibility of clays 
is available from a number of sources. This is brought out in the following 
discussion, which first describes conventions used in engineering for repre- 
senting compressibility and then presents data from engineering tests and 
certain research. 
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Compression Diagrams for Laboratory Test Specimens 


5-6. Test Procedures 
Testing Device. Being primarily concerned with settlement analysis, 
the engineer is usually interested in one-dimensional, vertical compression 
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Fia, b= 1, One-dimensional compression of soil layer, 
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of soil under structures founded on or near the ground surface. With 
properly restricted loading intensities, it may be assumed that there 
is very little lateral displacement of soil and that individual elements, such 
as abcd in Fig. 5-1, undergo volume change only through change in thick- 
ness. To simulate these same conditions in the laboratery, compression 
tests are usually conducted in ring-type compression devices generally 
termed consolidometers and constructed as shown in Fig. 5-2 to provide 


Dial extensometer 






Fia. 5-2. Compression testing device. 


lateral confinement of the test specimen. Porous stones are fitted to these 
devices at top and bottom so that during compression, water or air may be 
expelled without loss of fines. Loading is applied through a yoke across 
the top of the device. Change in thickness of the specimen is measured by 
a centrally located dial extensometer. 


Preparation of Specimen 
Specimens used in engineering tests are referred to either as undisturbed 
or remolded. When it is desired to eliminate structural effects, disturbed 
or reworked material is used. Not only structure but also density, satura- 
tion, and water content are varied at will in preparing remolded specimens 
by pretest manipulation of the soil. 

When structural effects are to be observed, undisturbed specimens are 
cut from natural formations and, by trimming, are reduced i in size so that 
they will exactly fit the device. "Physically, such specimens are assumed to 
be in virtually the same condition in the testing device as they were in 
nature, However, removal of specimens from natural formations may 
involve an alteration in conditions of loading, 
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Loading 

By long established custom it is virtually standard practice in soil com- 
pression tests for engineering purposes to apply loads in increments. Each 
increment is applied instantaneously and is maintained at a constant value 
until compression ceases. A dead-weight type of loading is utilized so that 
the load will remain constant as change in thickness of the specimen occurs. 
Actual dead weights are often utilized directly or through lever systems. 
Air or hydraulic loading systems may also be used if continuously regulated. 

Instantaneous loading in compression testing was probably adopted 
originally to conform to the assumption of instantaneous loading, which is a 
feature of the Terzaghi consolidation theory. This theory is subsequently 
described under “Consolidation.” This loading practice is in contrast 
to the development of loading on natural soil formations during soil- 
forming processes and in actual construction. As explained in Chapter 6, 
it is also in contrast to the procedure used in shear-testing, where the shear- 
ing force is usually applied in such a manner that strain takes place con- 
tinuously, often at a constant rate. In the field, in nature, and during 
construction, some approximation of gradual rather than instantaneous 
loading usually takes place. 

There is some evidence that the compression characteristics of true clays 
are affected by rate of strain and manner of loading. Further discussion of 
this subject is given in Chapter 6. Mixed soils and coarse-grained soils are 
probably not very sensitive in this respect. The information given below 
on soil compressibility must be considered with the above described method 
of load application in mind. 

In tests conducted for engineering purposes, the maximum loading in- 
tensity is seldom very much higher than intensities expected under ordinary 
structures. It is somewhat unusual when field loading on soil exceeds a 
value of 6 tons per sq. ft. Thus test loads may range as high as 6 or 8 tons 
per sq. ft. and occasionally for special purpose testing as high as 15 or 16 
tons per sq. ft., but seldom higher. 
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Conventions for Plotting Compression Diagram 

Although compression of the laterally confined test specimen is measured 
in terms of change in thickness, it is customary to convert this information 
to change in void ratio and to present the test data graphically in the form 
of pressure-void ratio curves. The relation between change in thickness _ 
and change in void ratio of an element or a layer of soil which is laterally 
confined may be developed as follows: 





(Vidi — (V2 = AV, = AVe = (Van — (Wade s 
Substituting V, = V,e, 


9 (01404 PION 


AV: = Vier = tn) = V,do 





(6) 








Fig. 5-8. Compression diagrams for remolded test specimens. 
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but 
—— Ve 
Ve= l+e 
Thus 
Ae 
AV; = Vir Ta (5-3) 
If there is no lateral strain, 
Ae 
A ae on 


in which 
H = original thickness 
‘a original void ratio 


At each point on a given pressure-void ratio curve the coordinates are, 
respectively, pressure due to the applied load and the void-ratio of the 
specimen after equilibrium under the load has been reached. These curves 
do not indicate in any way the time required to reach equilibrium under a 
given load increment. Two conventions for plotting these curves exist, one 
being the use of natural scales for both coordinates, the other plotting void 
ratio on a natural scale and pressure or, more precisely, applied com- 
pressive stress, on a logarithmic scale. The latter convention is somewhat 
more common in practice, but the former has certain advantages for dis- 
cussion purposes. The nature of the diagram obtained from a given test 
varies considerably with test conditions, as explained below. 

5-7. Characteristics of Remolded Specimens 

Loading Effects. A pressure-void ratio curve showing the effect of 
loading and unloading on a remolded soil specimen is presented in Fig. 5-3. 
Natural scales are used in Fig. 5-3(a), while in Fig. 5-3(0), the same 
data are plotted in a semilog diagram. 

Referring to Fig. 5-3(a), the section of the diagram from a to b indicates 
the effect of increasing loads by increments from zero to the loading in- 
tensity at b. The section ab is referred to as the virgin compression curve. 
The diagram from 6 to c indicates that after reaching equilibrium at 6 the 
loading was reduced to zero. This section of the diagram is known as the 
expan rebound, curve. Even when the specimen is a true clay in full 
Se water, it has been found that in one-dimensional engineer- 
ing tests the material never returns to its original void ratio when un- 
loaded.* 

The section of the diagram from c to d shows the effect of reloading or 
restoring the load on the specimen to the intensity at the point of maximum 
previous compression. The expansion and reloading curves based on data 


“Tt is probable that during compression a certain number of particles are forced into 
now positions, a type of movement which is essentially irreversible, However, the failure 
of the material to return to its original void ratio in onesdimensional onginooring touts 


appears to be caused in part by side friction and restraint of the specimen in the texting 
device, 
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from engineering tests form a hysteresis loop, and both are characteris- 
tically flatter than the virgin compression curve. It will also be noted that 
on returning to the point of maximum previous compression, the specimen 
is at a slightly lower void ratio than that reached during the initial loading. 
If loading is now increased to greater intensities the diagram becomes ap- 
proximately an extension of the virgin compression curve. 

The semilog plotting of the same data in Fig. 5-3(6) usually has the 
effect of converting the virgin compression curve to an essentially straight 
line within the range of ordinary pressures. To some extent it may be that 
this is a matter of coincidence. Semilog compression diagrams for tests on 
specially prepared clay specimens in which C, ¥ 0 exhibit distinct curva- 
(ure as shown by curve A in Fig. 5-4. However, in natural soil formations 


Diogram for infinite 
dilution of electro- 
lyte, Con O 


Void Ratio, e 


Diagram for Co 
@ level of ordinary 
field conditions 





Osmotic Pressure, TI, in atm. 
After Bolt 
Mia. 5-4. Effect of electrolitic concentration on shape of compression diagram. 


a, condition of C, & 0 is somewhat unusual and therefore is not common in 
the specimens on which engineering tests are usually run. It is when the 
value of C, is at the level of ordinary field conditions that the semilog 
diagram is approximately linear, as shown by curve B, Fig. 5-4. Note 
that curve A originates at a higher void ratio than curve B, This is evi- 
dence of a greater osmotic pressure in specimen A and, in consequence, 
& more-expanded initial condition, 
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Void Ratio, e 


0.1 1:0 10.0 100 
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Compression tests on remolded specimens of montmorillonite 


Fia, 5-5, Compression diagrams for extended pressure range. 
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The linear nature of the virgin compression diagram in a semilog plotting 
is of special interest in certain engineering applications, as explained later. 
However, as stated above, it exists at best only within the range of ordinary 
engineering loading. When loads are increased to 10 times the ordinary 
values, it is found, as shown in Fig. 5-5, that diagrams for specimens of all 
types develop distinct curvature. This_is evidently in agreement with 
common knowledge that by pressure alone the Vad ratio oF & particulate 
material cannot be reduced to zero without Crushing the particles. There- 
fore, the compression diagram tends to become asymptotic to a line repre- 
senting e = € min rather thane = 0. 

The compression diagrams for remolded soils of all types—from sands to 
true clays—are similar in shape to the diagrams illustrated in Fig. 5-3. 
Diagrams for a sand, a silt, and a clay are presented in Fig. 5-6 to illustrate 
this point. The initial void ratio for each material lies within a distinctive 
range,* and the slope of the virgin compression curve is correspondingly 
affected. Otherwise, the general features of the diagrams are alike. 

I ffect of Initial Density 

For remolded specimens of a given material there is not one compression 


diagram, as represented above, but an infinite number of diagrams.__The 


position and slope of each diagram depends on the density of the remolded 
specimen as originally placed in the testing device. This is illustrated in 
I’iy. 5-7, which represents semilog compression diagrams for a number of 
remolded specimens of a fine to medium sand. Point a on this diagram 
represents the maximum void ratio of the material. If a specimen is placed 
in the testing device and subjected to dead-weight loading in this loose 
condition, the compression diagram ab is obtained. Even under substantial 
static loading, the relative density at 6 in a sand specimen will usually not 
exceed 20 percent. Additional compression diagrams for other specimens 
of the same material are also shown in Fig. 5-7. Each in turn represents 
compression of material remolded and placed in the testing device at a lower 
initial void ratio, and in consequence each is successively flatter. Eventu- 
ully one is obtained for which the final void ratio is approximately e min 
and the relative density 100 percent. Further reduction in void ratio is 
impossible by any means without crushing the grains. Similar diagrams 
would be obtained with data from tests on remolded specimens of silts and 
clays. 


Liffect of Vibrations 

Changes in particle arrangement and soil density due to disturbance or 
remolding, as distinct from those caused by loading, affect the compression 

* If the compression data are plotted in terms of relative density instead of void ratio, 
{4 will be found that for remolded specimens initially at the same relative density, the 


virgin compression section of the diagrams for significantly different soil types will be 
upproximately the same, . 
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Fig. 5-6. Diagrams for remolded specimens of sand, silt, and clay. 
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diagram whether they occur initially or during compression. Sand, for 
example, is particularly subject to disturbance produced by shock or 
vibration—effeets which may well occur while the material is under load. 
‘The result produced by such disturbance of a test specimen of sand is 
illustrated in Fig. 5-8(a). Here it is shown that an initially loose sand 
specimen is compressed under static loading from void ratio eo to the void 
ratio at point b in the diagram. While under load at point b, vibrations are 
applied, Significant decrease in volume then occurs without change in 
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loading. Thereafter, if vibrations cease and static loading is increased, 
compression will occur, as indicated by the flatter curve cd, as though the 
specimen had been originally at the void ratio e’ ». 


Effect of Structural Disturbance 

It is somewhat more difficult to cause structural disturbances in cohesive 
materials and to observe the effects while these materials are under load, since 
vibrations have little effect. However, it is assumed that there are opera- 
tions, such as pile-driving, which may have this effect. The effect can be 
approximated in the laboratory if a clay specimen is removed from the test- 
ing device after a cycle of loading and unloading and is then completely re- 
molded without change of water content. The diagram obtained for sub- 
sequent recompression will be significantly affected, as shown in Fig. 
5-8(b)—which can be seen to be distinctly different from the recompression 
diagram in Fig. 5-3. Here it is seen that the influence of previous loading 
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has been obliterated by remolding, and the specimen behaves as though it 
had been originally prepared at void ratio, e’.. It is rather generally as- 


sumed that the marked difference in compressibility in clays which occurs 


with remolding is evidence that remolding alters the clay structure 

Lon Exchange —_ ili ike 

It is also possible to bring about ion exchange reactions and to alter the 
concentration and composition of materials in solution in the bulk pore 
water both in specimens of clay during compression tests and even in 
natural clay formations and thus to alter their compressibility. 

5-8. Undisturbed Specimens. If an undisturbed specimen is taken from 
a natural formation and is tested in compression, the diagram representing 
the test data will generally be similar to that shown in full line in Fig. 5-9 
The significant feature of this diagram is the relatively flat initial seckian 
and the break in curvature. It is seen that this is in contrast to the charac- 
teristics of the virgin compression diagram for a remolded specimen. A 
number of explanations for this effect are given. 

Theory for Break in Curvature 

When a specimen is taken from a natural formation, the weight of the 
overlying material is removed. This is the equivalent of reducing the 
applied loading to zero. The loading applied to the specimen in the 
laboratory, therefore, constitutes reloading at least within the range 
from zero to the point of maximum previous compression. During the 
load reduction incident to sampling, a certain amount of expansion 
may occur. However, as in the case of the remolded specimen illus- 
trated in Fig. 5-3, the undisturbed specimen does not in any case re- 
bound to the void ratio which existed in nature prior to field loading 
Thus the initial section of the compression diagram for an undisturbed 
specimen resembles the recompression diagram for a remolded specimen 
after one cycle of loading and unloading. The characteristic break in 
curvature of the test diagram for undisturbed Specimens is usually more 


marked for clays than for granular soils, chiefly because the slope of the 
straight-line section of the diagram which constitutes an extension ofthe 
virgin compression curve is steeper for clays than for granular soils. Ifa 
clay sample from a natural formation is disturbed during sampling or 
preparation for test, the distinctive break in curvature of the diagram will 
be largely obliterated, however, and the diagram will more nearly approxi- 
ao aig a specimen which is recompressed after remolding, as shown 
in Fig. 5-8. 


Conventions for Indicating Soil Compressibility 


5-9. Slope of Diagram. The compressibility of a soil is indicated by the 


slope of its compression diagram, ‘The foregoing discussion of the diagrams 


for laboratory test specimens was presented as evidence of the extent to 
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which soil compressibility varies. Not only is the compressibility of a 
granular soil very different from that of a clay, but the compressibility of 
any one soil type is seen to vary with density, history of previous loading, 
handling prior to and during compression, and with the magnitude of the 
stress increment relative to the existing loading at any point. It is further 
evident that for a given soil neither void ratio nor compressibility is in any 
sense a single valued function of pressure. This is a reflection of the fact 
that the equilibrium of individual particles—and hence soil density and 
compressibility—may be affected by numerous factors other than static 
loading. 

Although it is recognized that static loading is but one of the factors that 
may cause volume change in soil, it is often considered important to express 
pressure-void ratio relationships mathematically. The present practice is 
to utilize a different expression for each of the different sections of the 
pressure-void ratio diagram. One expression, for example, can be developed 
for the virgin compression curve or extensions thereof, while others are 
used for the branches of the diagram which represent expansion and re- 
compression, respectively. As yet, no one term has been proposed which is 
intended to have general application. A prerequisite, then, to the use of any 
of the individual terms is an investigation to establish the conditions under 
which compression is taking place. Procedures for making such investi- 
gations are described subsequently. 


5-10. Terms for Separate Branches of Compression Diagrams 

Coefficient of Compressibility. The slope of the virgin compression 
diagram* is an indication of the compressibility of soil which has not 
been affected by past cycles of loading and unloading. Mathematically 
the slope of a natural scale plotting of this diagram would be expressed as 


de 
UT dp (5-5) 


in which the term a, is known as the coefficient of compressibility. This 
term, which by convention is restricted in application to the virgin com- 
pression diagram, is inherently a variable even for a given diagram. While 
it is used in the development of certain sections of the consolidation theory, 
it is not well adapted to use in most practical applications. 

Compression Index 

Within-the-range of ordinary loads, the section of a semilog diagram 
representing virgin compression is approximately linear, and its slope is 


*The term virgin compression diagram is not restricted in application to diagrams 
representing compression from a condition of maximum void ratio, It would also be 
applied to a diagram for a specimen which prior to test had been brought to a lower 
void ratio by some process other than loading, such as compaction, remolding, or 


vibration, 
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therefore a constant. For a straight-line section of such a diagram between 
points with coordinates (e:, p:) and (€2, p2), the following expression* may 
be written: = 


pees: Neale: See 
C. = log ps — log = 








aAe————— 
~ Alog p (5-6) 
or 
Ae = C.log 2 FAP 
Pi 
= C, log (: +- ar) (5-7) 


The term C., which is introduced in these expressions, is known as the 
compression index. It is restricted in application to straight-line sections 
of virgin compression diagrams or extensions thereof. Numerically it is a 
constant for a given diagram (though not for a given soil). The fact that 
C, is numerically a constant for a given diagram does not, of course, alter 
the fact that even for a single diagram, compressibility is a variable. 

In a general way it can be seen that the more dense a soil is initially, the 
less compressible it will be. Evidence to this effect is found in the pressure- 
void ratio diagrams for test specimens, which have already been described. 
Except when loading and unloading cycles affect the diagram, it is to be 
expected, therefore, that the compression index for a given soil is to a 
considerable extent a function of the void ratio of the material prior to 
load application. The latter will be termed the no-load void ratio, é. 
It may have any value from emax to emin. When the initial or no-load 
condition of the soil is the result of effects other than static loading, there 
is evidence that for soils of all types within the range of moderate loading, 
there is a relationship between compression index and no-load void ratio 
which may be expressed as 






C. = ale) — b) (5-8) 
in which 
C. = compression index 
a, 6 = constants for a given soil 

é) = no-load void ratio 
* If the straight-line section of the diagram crosses a full logarithmic cycle, the differ- 
ence in the logarithms of the pressure at the beginning and end of the cycle will be unity. 
Hence a convenient method of evaluating C, from a test curve is to consider that C. 


is numerically equal to the difference in the void ratios at the beginning and end of a 
logarithmic eyele on a straight-line section of the diagram extended, 
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The constant a in the above equation appears to vary with certain 
physical characteristics of the solid particles, such as size, gradation, and 
shape. The value of the constant b appears to depend somewhat on the 
minimum void ratio. In many approximate calculations, these constants 


may be given the following values: 


Type of Soil Value of Constant 
a b 
Uniform soil (C,,S2) or coarse-grained 
sands and gravels................05 0.10 €min 
Well-graded fine to medium sand, 
silty sand, and inorganic silt......... 0.15 Cute 
Inorganic silty clay or clay...........-- 0.30 0.27 


Swelling Index. The branch of a pressure-void ratio diagram rep- 
resenting volume change due to reduction in load is often relatively 


flat, and in a semilog plotting it approximates a straight line. The ati 
swelling index has been proposed to denote the slope of this branch of i e 
diagram. Assuming that loading is reduced from the value po to pr wit - 
consequent change in void ratio from é: to ay the numerical value of the 
swelling index would be given by the expression 

a Ge 
~ log ps — log pi 


a (5-9) 
A log p 


Recompression. No specific term has been proposed as an index for 
the slope of the recompression branch of the pressure-void ratio diagram. 
Presumably this is because the recompression diagram even on a semilog 
plot usually has a significant curvature, especially in the pee range, 
which includes the maximum previous loading. Although no “recom- 
pression index” is in use, it is probable that estimates of volume change due 
to recompression are required more frequently than of volume change due 
to swelling. The general practice is to establish the recompression diagram 
experimentally and to establish the magnitude of the prospective change in 
void ratio by direct evaluation of coordinates at significant points on the 


C. 





diagram. 


Field Compression Diagrams 


5-11. Practical Importance. A diagram which indicates the amount 


of compression to be expected in a natural soil formation under a given 
Eley : — ; 
loading is known as a field compression diagram, Such a diagram is an 


casential in making a settlement estimate, It is often constructed with the 
aid of data from laboratory tests. on representative specimens, However, 
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it would differ from a test curve in several ways, chiefly in that it would 
not show effects of the unloading and recompression which are incident to 
sampling and testing. 

It may also be noted that it is frequently difficult or impractical to 
obtain suitable specimens and to arrange for compression testing. This is 
particularly true in the case of loose granular soil formations, which often 
create important settlement problems. Thus, methods of constructing 
field compression diagrams which are not entirely dependent on com- 


pression test data are essential. Recommended procedures are described 
below. 


5-12. Procedure for Constructing Field Compression Diagram 

Limiting Envelope. As an initial step, it is often helpful to estab- 
lish the limits within which the field compression diagram for a given 
soil formation will lie. Except for an extra-sensitive clay, these limits are a 
compression diagram originating at emax and a line representing @ = émin. 
These limiting curves are shown in Fig. 5-10. The limiting compression 
diagram represents the variation in void ratio with pressure which might 
be expected if the soil had been initially in its loosest possible condition 
and then had been gradually compressed by the weight of materials ac- 
cumulating above. 

It will be assumed that this limiting diagram on a semilog plot is a 
straight line sloping downward from a point on the Y- axis representing the 
maximum void ratio of the soil. 

Maximum Void Ratio 

For a given material the maximum void ratio may be determined ex- 
perimentally, or in many cases it may be approximated by reference to 
Fig. 2-9. For a sedimentary clay it is usually justifiable to assume that the 
maximum void ratio at which the clay has any measurable consi i 
its void ratio at the liquid limit. 

Theoretically, the initial void ratio should be plotted at a point repre- 
senting p= 0. This is impossible when a logarithmic scale is used for 
pressure. As an expedient it is satisfactory for this purpose to plot émax 
at a point representing a pressure of 0.1 tons per sq. ft. 

Slope of Envelope 


Within the limits of ordinary loading, the slope of the diagram may be 
established by use of Eq. (5-8) by substituting emax for e,. The recom- 
mended values of the constants a and b may be used, or values for a specific 
case may be established experimentally. For a cohesive soil, when it is 


assumed that the soil was initially at its liquid limit, Eq. (5-8) may be 
rewritten: 


1S 


C, = a (LL — b’) (5-10) 
in which 
C, = compression index 

LL = liquid limit expressed as a percentage 
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Fic. 5-10. Field compression diagrams. 
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T f i 
he constants a’ and b’ may be obtained from the following expressions: 


rw 

a’ = 3G (5-11a) 
one 

b’ = 1005 (5-11b) 





in which 
a, b = the constants of Eq. (5-8) 
G = specific gravity 


With the recommended values of 0.30 and 0.27 for a and b given previousl 

for fine-grained soils and a value of 2.7 for G, the values of a’ and b’ are = 
spectively, 0.008 and 10 percent. This is in approximate agreement with 
the experimental results obtained independently by Skempton* which lead 


to the following expression for the compression index of remolded clays: 
C. = 0.007 (LL — 10%) (5-12) 


Although the linear nature of semilog compression diagrams does not 
extend beyond the range of ordinary loading, for the present purpose the 
diagram is extended to a point of intersection with the line representin 
é = émin. This point is in the area toward which all compression dia, ce 
converge. Its establishment is an essential step in constructing fi id, : 
pression diagrams. ie 


I n-Place Density and Loading. Although a point representing th 
in-place void ratio and overburden loading for a natural Epiaabien ah : 
fall on or near the limiting envelope described above, it is probable that 
this would be an exception. The in-place density of nahital formation a 
both granular soils and clays varies unpredictably and with no consi : f 
relation to depth and weight of overlying materials. Loose and i aa 
intervals of granular soil formations may alternate without any a fe 
reason. In clay formations it is not at all unusual to find that a ince 
are relatively firm whereas the underlying intervals become ae eal : 
ae ea a point which represents field conditions, the epics inate 
ae urden pressure must be established as the next step in the con- 
ae oe i established by a suitable program of field investi- 
a ‘ : Pp 8, an testing. When an undisturbed sample can be ob- 
ed, the in-place density and, if desired, the water content and degree of 
saturation can be conducted with least difficulty as a rule in Nlaes F In 





A, ‘ Skempton “Note ‘o TONS d a Ul 
fl /O8 th ; "OM ly tC : ( S 
; W “i (ie "4 > ’ es re Ce mpro ibili wy ¢ f ¢ lay ? Qua "b J, feol, ‘ 00, 
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granular soils, expecially those containing significant amounts of plus No. 4 
material, undisturbed sampling may become a practical impossibility. 
Under these conditions, at least an approximation of in-place density may 
be obtained from penetration resistance data, as described in Chapters 10 
and 15. 

The effective overburden pressure is calculated in terms of the depth 
from the ground surface to the point in question and the effective unit 
weight of the overlying materials. For this calculation, it is essential to 
establish the position of the ground water table and the degree of saturation 
of the soil above. 

The field compression diagram for given conditions depends on the rela- 
tive position of the point representing the in-place condition of the soil and 
the virgin compression curve. A number of different situations are dis- 
cussed separately below. 


Normally Loaded Soil. If the point representing the in-place con- 
dition lies reasonably close to the virgin compression curve as at point a 


in Fig. 5-10, for example, it may be assumed that the soil has never experi- __ 


enced any greater loading than that of the present overburden and that its 
in-place density is due chiefly to loading rather than other effects. Such a, 
soil is termed a normally loaded soil. As an approximation at least, the 

field compression diagram for a normally loaded soil may be taken as a line 

parallel to the virgin compression curve through the point representing the 

in-place condition of the soil, as indicated by curve A in Fig. 5-10. No 

compression testing is required under these conditions. 

Precompressed_Soil. When factors other than the present loading 
have influenced the condition of the soil, a point representing the existing 
condition will plot below the virgin compression curve, as at point b, Fig. 
5-10. If the soil has been brought to its present condition by a greater 
loading in the past and a subsequent reduction of the load to its present 
value, it is said to be precompressed. The field compression diagram for a 
precompressed soil will pass through the in-place condition point as shown 
by curve B and approach tangency with the virgin compression curve. 
ISvidence of precompression can be obtained by compression tests on un- 
(listurbed specimens. 

Compacted Soil. If a point representing the natural soil condition 
plots below the virgin compression curve, as at point b, there is a possibility 
that rather than being precompressed the soil has in some way been com- 
With granular soil, in-place compaction can occur in nature 





pacted. 


through shock or vibration with a consequent reduction in void ratio, which 
is independent of static loading effects. Loading and unloading combined 
with remolding may similarly affect in-place compressibility of other soils, 
as previously explained, Compaction of subgrades and embankments as a 


required construction operation influences compressibility, The field 


oO 
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compression diagram of compacted soils may be assumed to pass through 
point 6 with a relatively uniform downward slope as represented by curve 
C rather than having the form of a recompression diagram such as curve B 
Compression tests on undisturbed samples may be used to distinguish be 
tween precompressed and compacted specimens. With granular soils 
such tests are often impractical, however. If the point representing the 
natural condition of a granular soil lies much below the virgin compression 
curve, it is usually justifiable to assume that the soil has been compacted 
rather than precompressed, since by compression alone the density of a 





~ granular soil cannot be materially affected. 


For compacted soil the field compression diagram may be approximated 
by a straight line from the point representing the in-place void ratio and 
overburden pressure to the point of intersection of the limiting compression 
diagram and the line representing @ = émin. 

Extra-sensitive Clay. It is believed that in some cases the point 
representing the in-place condition of the soil may plot above the virgin 
compression curve, as at point d. This is considered possible only with 
what is known as an eatra-sensitive clay. It is conjectured that if loading is 
applied as gradually as it is in nature to a clay with a flocculent structure, a 
considerable load can be built up without much change in void ratio ines 
in such a soil there is some semblance of a stress-resistant frainework 
created by clay particles in solid-to-solid contact. Any loading applied by 
man, however, either in the laboratory or in the field, creates such dis- 
turbance that the flocculent structure is damaged and s change to a dis- 
persed structure occurs in some degree. The compressibility of the soil is 
thereby greatly increased. If the point representing the in-place condition 
of a clay soil plots above the virgin compression curve, it is evidence that 
the material is an extra-sensitive clay, and an approximation of the field 
compression diagram may be constructed by connecting point d with a line 
through point c, as shown by curve D in Fig. 5-10. 


5-13. Use of Diagram in Settlement Calculation. In order to calculate 
the settlement to be expected as a result of the compression of a soil stratum 
under a given loading, it becomes necessary to determine the increase in 
vertical stress caused by the loading at various depths. This subject is 
discussed in Chapter 7, and settlement calculations are discussed in Chapter 
12. To illustrate how compressibility data are used in a settlement calcu- 
lation, however, the following illustrative example is given assuming that 
information on the vertical stress increment is known. 


Example 1 


Given: A normally loaded clay formation has an in-place void ratio of 1.4 and 
liquid limit of 60 percent. The clay has a thickness of 10 ft. The ef- 
fective overburden pressure on the elay is 1,00 ton por aq, ft, 
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Required: Find the change in thickness of the clay if the effective stress is 
increased to 1.52 tons per sq. ft. 
Since it is stipulated that the clay is normally loaded, an approximation of the 


compression index may be obtained from Eq. (5-10). 


C, = 0.008(LL — 10%) 
Thus 
C, = 0.008(60 — 10) = 0.40 
From Eq. (5-7): 
1.52 
Ae = 0.40 log 1.00 
= 0.40 X 0.182 = 0.0728 


From Eq. (5-4): 
0.0728 


AH = 10 X 12 X Sg 3.6 in. Ans. 


Consolidation 


5-14. Relation to Settlement. The foregoing discussion has dealt only 
with the extent to which various soils eventually change volume under 
given conditions of loading. There has been no mention of factors which 
influence the rate of volume change. As previously noted, it may be as 
important to calculate rate of compression as it is to calculate total amount. 
For example, if settlement occurs almost as rapidly as loads are applied, 
it will be compensated for in building construction by shimming up columns 
and adjusting grades on formwork. In particular, it is to be expected that 
when settlement is rapid, most of it will occur before the finish is applied 
in a building. Thus, unsightly and revealing cracks or other evidence of 
settlement will be minimized. In fact, under these circumstances an ap- 
preciable amount of settlement may actually go unnoticed. It is obvious 
that a more unfavorable situation exists when settlement occurs so slowly 
that only a small fraction of the total amount is experienced during con- 
struction. 

It is for such reasons as those given above that analysis of rate of settle- 
ment must sometimes be undertaken. It is essential, however, to maintain 
& proper perspective on the importance of such an analysis and to dis- 
tinguish between situations when it is required and when, even with a 
yielding clay foundation, it can be omitted. One consideration is the total 
amount of settlement due to soil compression which is to be allowed. As 
explained in Chapter 10, the tolerable settlement for many structures is 
taken as 84 in, If loading is so restricted that the total settlement is to be 
no more than this amount, it becomes somewhat academic to establish 
the settlement rate with great precision, On the other hand, there are 
structures like highway fills and: earth dam embankments in which a 
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settlement of many inches can be accepted. For such structures analysis 
of settlement rate may be of practical importance. 


5-15. Partially Saturated Soil. It is conventional to assume that 


artially saturated soils generally undergo compression almost as rapidly 
as loads can be applied. It is assumed that in these soils the volume change 
incident to soil compression occurs through compression of the air or other 
gas in the voids, thus eliminating the necessity for pore water movement. 
It is recognized that there may be frictional interference to the movement 
of some soil particles to new positions and that this may introduce what is 
termed frictional lag. This lag can be observed in laboratory test specimens 
under instantaneously applied loads. Field loading, however, is almost 
always gradual; hence frictional lag is usually assumed to be a negligible 
consideration in construction. 


5-16. Saturated Soil. When soil is fully saturated, volume change can- 
not occur without expulsion or intake of water if the water and the solids 
are considered to be incompressible. Thus the rate at which water can 
move through a soil mass has a direct influence on the time required for 
compression of a saturated soil. Theory has been developed to furnish a 
basis for estimating the rate of compression or consolidation of saturated 
soils. It _is common to utilize this theory only with very fine-grained soils 
and to assume that coarse-grained soils are relatively so pervious that even 
though saturated they will be compressed as rapidly as loads can be applied 





in the field. This assumption holds only for gradual applications of dead- 
weight loading. It should be noted that the time required for volume 
change of a saturated coarse-grained soil may be appreciable when com- 
pared with the time involved in shock loading, such as blasting. This has 
reference mainly to shearing strength and is discussed in Chapter 6. The 
discussion given below relates mainly to the rate of compression or the 
consolidation of fine-grained silts and clays under dead-weight loading. 





5-17. Main Aspects of Consolidation 

Special Meaning. The word consolidation is used in soils engineering 
with a special connotation. In common usage, especially in geologic appli- 
cations, the word refers to the hardening of soil to a virtually rocklike con- 
dition: for example, the geologist refers to consolidated and unconsolidated 
sediments. The soils engineer, however, uses the term to indicate adjust- 
ment of a soil to an applied loading. As previously noted, it may require an 
appreciable time for a soil formation to come to equilibrium under load. 
During this time, it is said in engineering, the soil is consolidating or con- 
solidation under the given load is in progress. When an equilibrium con- 
dition is reached, it is said that consolidation is complete or that the soil is 
fully consolidated, As the engineer uses the latter term, it seldom if over 
means that by compression the soil has been made as hard as rock; it simply 
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means completion of adjustment to a particular load, at which point the 
soil may still be relatively loose or soft and in the geologists’ estimate, still 
considered as unconsolidated sediment. If additional loading is applied 
the engineer considers consolidation resumed. Each point on a pressure- 
void ratio diagram, for example, represents the condition reached after 
consolidation of the soil under the indicated loading has been completed. 
Hydrodynamic Lag 
_The delay caused by movement of water in or out of a saturated mass of 


soil which is undergoing compression is termed hydrodynamic lag. It is 
considered to be the primary cause of delay in the consolidation process. 


Theory relating to consolidation is based mainly on analysis of hydro- 
dynamic lag. 

Hydrostatic Excess 

The expulsion of pore water from a soil mass during consolidation is 
assumed to occur under the same conditions as any flow of gravitational 
water. The essential requirement is a difference in energy, which is mani- 
fested by a difference in total head. When a saturated soil is at equilibrium 
under body forces, as in Fig. 5-11(a), the pressure head at any point in the 
bulk pore water is purely hydrostatic. When compressive stress is first 
applied to a saturated soil, water pressures at all points are increased. The 
additional pressure is termed hydrostatic excess pressure or simply hydro- 
static excess, commonly denoted by the symbol u. The hydrostatic excess 
increases the pressure head as shown in Fig. 5-11(b). If provision is made 
for escape of the water in which the excess pressure exists, flow will take 
place as shown in Fig. 5-11(c). Between two points on any flow path a 
difference in total head will exist under these conditions. It can be seen 
that this difference in total head is equal to the difference in head due to the 
hydrostatic excess pressure at the two points. Since pressure head is simply 
pressure divided by unit weight of water, it is evident that in this case, the 
difference in total energy between the two points is directly indicated by the 
difference in the hydrostatic excess pressure. In Fig. 5-11(c) the hydro- 
static excess at the bottom of the sample is greater than at the top because 
of the location of the drainage outlet. Consequently upward flow or dis- 
placement of water results. 





Percent Consolidation 

Progress of the consolidation process at a given point in the soil is indi- 
cated by the magnitude of the hydrostatic excess at a particular time rela- 
tive to its value at the instant of load application.* This leads to the follow- 
ing expression: 





u% = Ew 1 (5-13) 


“Henge the adoption of instantaneous load application in both consolidation and 
compressibility testing, 
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Fia. 5-11. Hydrostatic excess pressure in saturated soil 
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in which 
u% 


Ui 


percent consolidation at a point 
initial hydrostatic excess at the point (immediately 


after load application) 
u_= hydrostatic excess at the point at time ¢ after load 


application 


For a particular load increment, w; at a given point is a constant; u, a 
variable. Usually the two terms are equal initially, at which time the 
percent consolidation is zero. As time goes on, the value of wu at any point 
diminishes until eventually it becomes zero. At this time it is said that 
100 percent consolidation has been reached. What is known as the Terzaghi 
theory of consolidation was developed with the objective of obtaining equa- 
tions for was a function of time and space. 


5-18. Consolidation Theory 
Average Percent Consolidation. For the case of one-dimensional con- 

solidation, thel Parzaghi Aheory indicates that at a particular time after load 
application, hydrostati¢ excess varies with distance from a drainage face, 

as shown by the curves in Fig. 5-12(a), although initially it may have been a 

constant. While this has practical importance in many applications, it is 

not of direct interest in connection with change in thickness of the layer as 
a whole—a consideration which is involved in all settlement calculations. 

For this latter purpose, it is more practical to disregard pressure variation 
with depth and to consider only the variation of the average hydrostatic 
eXCeSS, Uay, With time. For example, at time, fz, the actual pressure varia- 
tion is as represented by curve A, while the average hydrostatic excess is 
as represented by line B in Fig. 5-12(a). Variation of the average hydro- 
static excess with time is shown in Fig. 5-12(b). From an initial value of 
U;, Ugy steadily decreases until in theoretically infinite time it reaches a 
value of zero, at which point consolidation and settlement cease. Mathe- 
matically, what may be termed the average percent consolidation of the 
layer as a whole at any given time is equal to the average value of 1—u/ui. 
It will be designated U. The average percent consolidation of the whole 
layer at any time is numerically equal to the percentage change in 
thickness or settlement at the time. Thus to estimate rate of settlement it 
is necessary to establish the variation of U with time. 


Coefficient of Consolidation 

Factors which determine the amount of time required to reach a certain 
average percent consolidation are numerous. They include the com- 
pressibility and permeability of the clay in the range between its in- 7 
itial and final void ratio and also the distance the pore water-must-travel 
to reach a drainage face. "Thus it would be mere Coincidence if any two U- 
time curves were the same, It has been found possible, however, by com- 
bining a number of the essential variables, to establish a general relation- 
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Fia. 5-12. Average hydrostatic excess in consolidating layer. 
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This is accomplished in the follow- 


ship which applies equally to all clays. 
is adopted to indicate 


ing manner. The term coefficient 0 consolidation, ¢ 


the combined effects of permeability and com ressibility for the gi id 
ratio range. The value of ¢, is given by the expression 
= kd + @) (5-14) 
AvYw 


in which 
c, = coefficient of consolidation 
k = coefficient of permeability 
e = void ratio 
a, = coefficient of compressibility 
Yw = unit weight of water 


Rather than being evaluated by solution of Eq. (5-14), however, the value 
of this coefficient is usually established from time-consolidation readings 
taken during a laboratory test under the specified load increment. An 
approximate relationship between ¢, and LL has been proposed* and may 
be used for rough calculations. This is represented} in Fig. 5-13. 
Longest Drainage Path 
The distance for pore water movement is expressed as a function of what 
is known as the longest drainage path, Har. As illustrated in Fig. 5-14, this 
represents the greatest distance traveled by any drop of water in reaching 
an outlet. When the clay layer has drainage at both top and bottom, the 
greatest distance is from the center to either face. For this drainage con- 
dition, which is termed double drainage, Hy = 1/2H. For a clay layer 
of the same total thickness, H, however, if there were an impervious layer 
at the bottom, a condition of single drainage would exist (the ground surface 
would be the only drainage face) and the value of the longest drainage 


path would be Ha = H. 


Time Factor 
The terms c, and Hz, as defined above are then used to establish a para- 


meter known as the time factor. The relation is as follows: 


Cyt 
CT =a 5 ) (5-15) 





in which 
T = time factor 
c, = coefficient of consolidation 
t = time 
Ha = longest drainage path 
*Terzaghi and Peck, Soil Mechanics in Engineering Practice (New York: John Wiley 


& Sons, Inc., 1948), 

+ The Terzaghi and Peck data have 
data from the soil solidification research at Corne 
redrawn to indicate more plainly that ¢» decreases as LL increases, 


found that ey varies directly with permeability, 


been supplemented in this figure with additional 
ll University, and the curve has been 
It ia also generally 


ay 
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Fig. 5-14. Longest drainage path. 


Since c, is expressed in units of L?/t, that is, (om.2/sec) ft.2/mo., etc., 


and Hz, in units of length L, it is evident that T is a dimensionless number. 
Thus a relation between U and T is of a purely general nature and can 
be used for any clay formation. 


U-TL_Relationshi 
The basic U-7 relationship as developed for relatively simple boundary 


conditions is in somewhat inconvenient form, namely: 


mao 


Un=1- > gpm (5-16) 


mel 


tL 
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This expression represents a mathematical series with solutions obtained 
by substituting successive values of the integer m from 0 to ». The term 
M, which equals 1/27 (2m + 1), does not depend on any physical charac- 
teristics of the clay but is introduced to facilitate solution of the equation. 
Since Eq. (5-16) simply shows the relationship between U and T, how- 
ever, it is possible and far more convenient to represent it graphically 
by a curve, as shown in Fig. 5-15. Therefore, instead of solving the equa- 
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tion whenever a time factor value is required, the value may be read 
directly from the curve or the tabulation of U-T values given in the 
same figure. It is also convenient to know that for the section from U 
= 0, to U = 60 percent, the curve is a very close approximation of a para- 
bola with the equation 


(5-17) 





In fact, this simplified expression can be used for most practical problems, 
thereby eliminating the need even for reference to Fig. 5-15. 

5-19. Calculations for Rate of Compression. Use of the above theory in 
calculating rate of compression will be illustrated by the following example: 


Example 2 


The data given in Example 1 above will be used for this problem, It will be 
required to plot a settlement diagram showing the rate at which the estimated 
settlement will take place. Tor this purpose, the coefficient of consolidation for the 
clay layer and information as to drainage ia required, (Note that this information 
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was not needed in computing the total settlement.) From the given LL data it will 
be estimated from Fig. 5-13 that the coefficient of consolidation is approximately 
10 ft. squared per mo. It will be assumed* that the clay layer has single drainage. 
The previously estimated total settlement, 3.6 in. is taken as representing 100 
percent consolidation. Thus a settlement diagram can be constructed, as shown in 
Fig. 5-16, with the settlement scale marked to show a total settlement of 3.6 in. and 


Settlement Inches 





Time, #, Months 


Fic. 5-16. Time-settlement diagram for instantaneous loading. 


subdivisions thereof. The time scale is established by calculating the time re- 
quired for various percentages of the total settlement. For example, a 1.8-in. 
settlement represents a condition of 50 percent average consolidation. From Fig. 
5-15, for U = 50 percent, the time factor, designated 7'59 in this case, is 


Tso = 0.196 
and from Eq. (5-15): 
t= A186 100 ~ = 2mo. Ans. 


Similar calculations are made for a number of other assumed values of U and the 
time scale is completed as shown. 


The discussion given in Chapter 12 illustrates how estimates for rate 
of compression are adjusted to take into account the rate at which loading 
is applied during construction. 


PROBLEMS 


5-1. What explanation can be given for the expansion of a confined specimen of 
granular soil when loading is reduced? 


6-2. At a given void ratio would the osmotic pressure between adjacent, parallel 


* From information obtained during nite investigation, see Chapter 15, 
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clay platelets be greater with a high salt concentration in the bulk pore water than 
with a low salt concentration or vice versa? 


(5-8.) For a given clay water system with a dispersed structure, what is the ap- 
proximate relationship between osmotic pressure and average particle spacing? 


5-4, (a) N ame and define two different terms which are used to indicate the 
compressibility of soil. (6) Once a loaded soil is fully consolidated, is there any 
method of making it consolidate further? 


5-5. (a) What is the customary procedure for applying loads in soil compression 


tests for engineering purposes? (b) In what form is compression test data usually 
reported? 


5-6. Why is a semilog plotting of soil compressibility data generally preferable 
to a natural scale plotting for engineering purposes? 


5-7. Would the compressibility of a uniform sand formation at a point near the 
ground surface be expected to be the same as at a considerable depth? Explain. 


8. Jo Would the coefficient of compressibility of a uniform silty sand be the 
samé~for a point at a 30-ft. depth as for a point near the surface, or would it be 
greater or less? Explain. (6) Would your reply to Question a be the same if the 
term compression index were substituted for coefficient of compressibility? Explain. 


5-9. If a fairly loose sand formation is subjected to prolonged vibration, what will 
be the effect on the compressibility of the material? 


5-10. The iintaaoeih of two points on a straight-line section of a semilogarithmic 
compression diagram are e; = 4.0; p; = 1.27 / sq. ft. and e, = 3.0; po. = 4.17 
ft. Calculate the compression index. = sa di 
5-11. The existing void ratio of a compressible soil is 1.6, and its compression 
index is 0.2. What void ratio will be reached if the average loading is increased 


from 1.75 T’/sq. ft. to 2.23 T'/sq. ft.? Assume that the i i i 
; . ft.? semilog compres d 
between the two points is linear. : cee er 


5-12. On what index property does the compression index of a granular soil 
chiefly depend? 


5-13. (a) The void ratio of a fully saturated clay formation is 0.98. Under a 
load increment of 2.0 tons per sq. ft. the void ratio is expected to change to 0.86 
If the clay formation is 10 ft. thick originally, what will be its final thicknesa? 
(b) If the degree of saturation of the clay is only 50 percent instead of 100 nanan’ 
but all other conditions are the same, what difference will there be in the amount of 
compression? 


5-14. Why can the compression index of normally loaded clays be related to their 


liquid limits? 
(-18) Dee the terms normally loaded and precompressed as applied to clays. 


5-16. It is expected that under a certain loading the void ratio of a soil will 
change from 1.43 to 1,87. If the total thicknews of the formation is 14 ft,, what 
change in thickness will occur? 


Be 17, A belt, layor of normally loaded olay te found ata depth of 10 fh, beneath a 
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formation of partially saturated sand and gravel with a unit wet weight of 115 lb. 
per cu. ft. The void ratio of the clay is 1.5, and the compression index is 0.2. Find 
the change in thickness of the clay (in inches) which will occur if the loading on the 


clay_layer is increased 2 tons per sq. ft. 

‘eae ie compression diagram for a precompressed clay indicates that it has 
beeiteetisolidated under a loading of 2.5 tons per sq. ft. The compression index of 
the clay is 0.4; its present void ratio is 1.4; and the present overburden loading is 
1.3 tons per sq. ft. Estimate the void ratio of the clay which would be reached if 
the loading is increased to 2.0 tons per sq. ft. 

5-19. A 10-ft. layer of normally loaded clay has an average void ratio of 1.4 anda 
compression index of 0.6. If the existing vertical pressure on the clay is doubled, 
what change in thickness of the clay may be expected? 

5-20. A 12-ft. layer of normally loaded clay exists at a point where the average 
effective overburden pressure is 2 tons per sq. ft. A proposed surface loading will 
increase this pressure to 2.5 tons per sq. ft. If the initial void ratio of the clay is 
1.9, and the compression index is 0.3, calculate, in inches, the change in thickness 
of the clay layer which will ultimately occur after load application. 

5-21. The existing loading on a compressible soil formation is 1.8 tons per sq. ft. 
An additional stress of 1.2 tons per sq. ft. will be created on the formation by con- 
struction of a building. The compressible material is 8 ft. thick and has a void ratio 
of 1.20. It is estimated that under the increased load the void ratio will decrease to 
1.12. What is the compression index for the compressible soil? Assume the semilog 
field 1 compression diagram is linear. 

(6a) At a point in a clay formation 12 {t. below the phreatic surface, the pore 
pressire is found to be 748.8 lb. per sq. ft. (gage). Is the clay fully consolidated 
under existing loads or not? Explain. Assume no seepage. 

oo 

aes fully saturated clay specimen is placed in a consolidometer and subjected 
toa ing of 2 tons per sq. ft. After a period of time it is determined that the 
average pore water pressure in the specimen is 10 psi. What percentage consolida- 
tion has then been reached? 

5-24. (a) Define the term hydrostatic excess pressure as it is used in connection 
with the consolidation theory. (b) What is the essential difference between the 
terms percent consolidation and average percent consolidation? 

5-25. The total change in thickness to be expected in a clay layer due to an in- 
creased loading is 4 in. How much of this change will have occurred when the 
average percent consolidation of the clay under the referenced loading is 35 percent? 

5-26. What three physical index properties of soil affect the value of the co- 
efficient of consolidation? 

5-27. A clay layer with single drainage and a total thickness of 10 ft. is expected 
to reach 88 percent average consolidation under a given loading in four months. 
How much time would be required for the same layer to reach the same average 
percent consolidation if it were doubly drained? 


5-28, What is the practical advantage of having double drainage in a consolid- 
ometer? , 


62,4 
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5-29. A clay layer has a total thickness of 18 ft. and is doubly drained. If its 
coefficient of consolidation for a particular load application is 1.7 ft.? per month, 


calculate the average percent consolidation which will be reached under this load 
in three months. 


5-30. The total anticipated settlement due to consolidation of a clay layer under 
a given loading is 6 in. If a 2-in. settlement occurs in three months, how much 
settlement will occur in six months? (Assume instantaneous load application.) 


5-31. The total settlement of a building due to consolidation of an underlying 
clay stratum is estimated to be 4in. Assuming instantaneous load application, how 
many months will be required for a 2-in. settlement, given the following data: 


Total thickness of clay, H = 20 ft. 
Double drainage 
Coefficient of consolidation, c = 25 X 10-4 em.2 per see. 


é oes piven the following information for a normally loaded clay formation: 


~ In-place void ratio = 1.40 
Effective overburden pressure = 2.4 tons per sq. ft. 
Total thickness = 20 ft. be 
Compression index = 0.204 
Coefficient of consolidation = 10 ft.2 per month 


A surface loading will create an average stress increment of 1.2 tons/sq. ft. in the 
clay layer. If the clay has double drainage, find the time in months for a settlement 
of 1.8 inches due to this loading. Assume an instantaneous load application. 


5-33. Under a given loading, a fully saturated clay layer is expected to change 
its thickness by 6 in. The layer is 10 ft. thick and rests directly on sound, un- 
weathered rock. The coefficient of consolidation of the clay is 4 ft. squared per 
month. How many months will be required for the first 2 in. of settlement? 


5-34. The total expected settlement due to compression of a soil layer under a 
given loading is 5 in. Three months after instantaneous application of load, a 
2-in. settlement has occurred. How many months will be required to reach a 
8-in. settlement? 





CHAPTER 6 


SHEARING STRENGTH 
General Aspects 


6-1. Relation to Soil Behavior. Shearing strength is often the principal 
factor in the behavior of soil under loading; for example, the ultimate bear- 
ing capacity of soil, whether for structural foundations on spread footings 
or piling, or for subgrades, depends on shearing strength. The stability of 
earth in cuts and in embankment slopes depends directly on shearing 
strength or resistance to sliding. The pressure of soil masses against 
sheeting or retaining walls varies with soil strength, the greatest pressures 
being created by soils with the least internal strength. Each of the subjects 
mentioned above is discussed in detail in succeeding chapters. Such dis- 
cussions, however, all require a knowledge of basic concepts as to the 
manner in which soil can develop strength and the order of magnitude of 
strength of different soil types. 

6-2. Variability. Soils differ from many other construction materials in 
that their shearing strength is variable. Not only may the strength of one 
soil be very different from the strength of another, but in the same soil, 
strength may vary considerably with depth, with structural disturbance, or 
with seasonal changes in such natural conditions as ground water level, 
capillary saturation, moisture content, and seepage. For example, at a 
given location it may well be feasible at certain times of the year to make 
deep excavations with little or no sheeting, whereas at other times at the 
same location extensive supports for the cut may be required. The differ- 
ence obviously could be a large part of the cost of the work. Thus it is 
often necessary not only to determine soil shearing strength for a given set 
of conditions but also to be able to identify the factors which may cause 
variations in soil strength. 

6-3. Means of Investigation 

Field Observations. Investigation of soil shearing strength has been con- 
ducted in both the field and the laboratory. One very well-known in- 
stance of a field investigation is the study by the Swedish Geotechnical 
Commission of earth slides along the Swedish railways. This study, which 
has become the basis for certain present-day methods of slope stability 
analysis, revealed that many slides occurred, as shown in Fig, 8-1, by a 
rotational movement of a relatively intact section of the bank on a fairly 


185 
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deep-seated surface of sliding. Somewhat similar observations have been 
made in connection with footing failures, as shown in Fig. 10-3(6). When 
the magnitude of the forces which caused the relative movement of such 
soil masses and the location of the failure surface are known, the strength 
of soil in shear may be estimated. 

Field investigations have the advantage of revealing the shape and 
position of the internal surface or zone where failure occurs. This in itself 
is an important factor in a stability analysis. However, such investigations 
also have certain obvious limitations. They are seldom conclusive unless a 
failure actually occurs, and unless failure is brought about deliberately 
under carefully controlled conditions, it may be difficult to reconstruct at a 
later date all the circumstances existing at the time of failure. Another 
disadvantage is the costly nature of any large-scale field study. Laboratory 
investigations, therefore, have many advantages. 

Laboratory Investigations 

The first laboratory tests were planned with the objective of duplicating, 
with reasonable fidelity, the translatory shearing movements observed in 
the field. Shear tests which operate on this principle are, in fact, referred 
to as translatory shear tests. Of these, one of the best known is the direct 
shear test, which utilizes the type of testing device illustrated in Fig. 6-1. 


Top block and yoke free to 
move up or down /o allow 
for volume changes. 


Top block 


P_ Top and bottom blocks fitted 

with teeth for gripping sample. 

Solid spacer blocks between 

teeth used in undrained tests, 
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Fia. 6-1. Direct shear testing device. 


This device, as shown in cross-section, is in effect a box with separate upper 
and lower halves for gripping the sample. In operation the lower half is 
usually held stationary while the upper half is forced to move laterally, 
shearing the specimen on a plane between the two. Provision is made for 
applying loads to the top half in order to simulate the effect of overlying 
masses of soil. Thus with this apparatus, conditions existing at a point on 
a failure surface in nature may be approximately duplicated in the labora- 
tory. What is possibly more important is that behavior prior to failure 
may be observed. While numerous other types of shear testing equipment 
are in common use, reference in this discussion will be made mainly to the 
direct shear device and test procedures, since this approach is most con- 
venient for illustrating certain basic principles, 
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Direct Shear Tests 


6-4. Test Procedures 

Normal Loading. -As a general rule, direct shear tests are conducted 
under_a constant, dead-weight type of normal loading. An important 
requirement is the provision of opportunity for the specimen to increase or 
decrease in thickness without affecting the intensity of the normal loading. 
As in a consolidometer, it is also important on certain occasions to make 
provision for drainage. 


Application of Shearing Force 

After a specified normal loading has been applied, a shearing force is 
exerted on the specimen. There are several different procedures for appli- 
cation of the shear force in engineering tests. In what are known as strain- 
controlled tests, the shearing force is so applied that shearing strain occurs 
in some specified fashion. Although the development of strain could be 
made to occur in any desired manner, the term strain-control usually implies 
that rate of strain is constant. Strain rates used in different laboratories 
and for different purposes may vary considerably, however. In_stress- 
controlled tests the shearing force-isincreased in such a manner that the 
development of shearing stress follows a predetermined pattern. Usually 
in these tests the objective is to increase the shearing stress at a constant 
rate, although in certain cases, tests are or have been conducted so that 
the shearing stress is increased by increments. The practice in this latter 
case is to apply each increment of stress nearly instantaneously and there- 
after to maintain a constant load until shearing strain ceases. 

Of the various methods described above, the strain-control procedure* 
is now perhaps the most common. In general, it is believed to yield con- 
servative results. There are occasions when it is of interest to consider 
other methods, however; for example, in true clays the shearing strength 
developed by a test specimen may be materially affected by the rate and 
manner of load application. For these reasons the following discussion 
will relate to the findings of conventional strain-controlled tests except for 
the section on the shearing strength of clays, in which discussion of the 
effect of rate of shear is included. 


6-5. Generalized Stress-Strain Diagram. Curves representing the re- 
lation between shearing stress and relative lateral displacement of the two 
sections of the test specimen are often termed stress-strain diagrams. 
Such a curve is presented in Fig. 6-2 in generalized form. The stress 7 
represented in these diagrams is usually the average shearing stress on the 


plane of shear, calculated as the shearing force, S, divided by shear plane— 
area, A. The forniutrfor this computation is given in Hq. (6-1). 





“This may bo contrasted with loading procedures used in compression testing as 
described in Chapter 5, 
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Fia. 6-2. Shearing stress-displacement diagram for test specimen. 


a S Sheuving Fovit 
aha ea” (6-1) 


_It_is common practice to base this calculation for all points in the diagram 


on the initial area, although as the test proceeds there is a significant 


decrease in the area of contact between the upper and lower parts of the 


specimen. Relative displacement is often given directly in inches, although 
in some cases it is represented as a percentage of the original length. 

Stress-strain diagrams of the type described above are typically curvi- 
linear, at least from the origin to the point of maximum shearing stress. 
In this range there is no truly straight line section in which displacement is 
directly proportional to stress. However, it is important to realize that a 
significant shearing displacement occurs in all types of soil as shearing 
stresses are applied. The displacement in a specimen originally 4 in. long 
may be as much as 1/4 to 1/2 in. at the point of maximum shearing stress. 
Similar movements are to be expected in soil formations as a prerequisite 
to the development of full shearing resistance. 


6-6. Shear Failure. Unless the soil specimen has the properties of a 
brittle solid because of a natural or artificial cementation, drying, or other 
similar process, there is no sharp break in the stress-strain diagram which 
_-ean be recognized as evidence of failure. Failure in test specimens of soil 
may be said to occur when continuous shearing displacement takes place at 
relatively constant shearing stress, as at point @ in Fig. 6-2. After this 
point has been reached the shearing stress cannot be increased except 
through an acceleration of shearing displacement. The average shearing 
stress at failure may be designated, ry. It is evidently equal to the shearing 
force at failure, Sy, over the failure plane area A, or 


8 
ly y (6-2) 
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The above definition of shear failure in soils must be re-examined and 
qualified in certain instances, but for the present discussion it is in satis- 
factory terms. 

6-7. Shearing Strength. At each point in a test, the soil specimen de- 
velops a certain amount of resistance to shear. It is to be noted that the 
development of shearing resistance in soil is contingent on the occurrence 
of a certain amount of shearing displacement or deformation. All the 
available shearing resistance is developed at or just prior to failure. The 
{erm shearing strength as used in soils engineering usually refers to the total 
shearing resistance which a specimen or element of soil is capable of de- 
veloping under given conditions. The total shearing strength of a given 
soil mass is numerically equal to the total shearing force required to produce 
failure. Unit shearing strength, a more useful term, since it is independent 
of the size of the soil mass, is shearing strength per unit of failure plane area. 
It is designated s and is numerically equal to the average shearing stress at 
fuilure, or 

& ey a (6-3) 
Its units are those of stress, namely, force divided by area. Commonly 
it is expressed in tons per square foot or pounds per square foot. For given 
conditions, unit shearing strength has a single value, whereas in any appli- 
cution of shearing force, the average shearing stress may vary from zero 
(o the value at failure. However, as will be explained below, the value of 
ihe unit shearing strength of a given soil may vary over a wide range with 
changes in conditions of saturation, normal loading, and other factors. 
Coarse-grained cohesionless soils differ markedly from clays in respect 
to the source and the development of their shearing strength. For this 
reason the remaining discussion is subdivided to provide a separate treat- 
ment of the subject for each of these distinctive soil types. 


Cohesionless Soils 


6-8. Characteristics. Cohesionless_ soils are the coarser soils. It is 
fairly common to consider soils in the silt, sand, and gravel categories as co- 


hosionless although certain plastic silts may be considered exceptions. The 


individual particles in cohesion] 
primarily by gravitational forces and forces due to seepage and boundary 


loading rather than by colloidal forces. Thus they are necessarily larger 





than 0.092 mm. in diameter. Cohesionless soils are composed mainly of 
particles of the primary minerals—particles which are characteristically of 
bulky rather than platey shape. These soils almost invariably exist in 
nature with single-grain structure. 
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6-9. Experimental Observations on Shearing Strength 

Effect of Normal Pressure. As previously stated, each direct shear 
test is customarily performed with a normal loading which is main- 
tained constant throughout the test. Each stress-strain diagram, there- 
fore, reflects the behavior of a specimen under a particular normal loading. 
The effect of variation in normal loading is usually observed by per- 
forming tests on a number of specimens with a different normal loading 
being applied in each test. Fig. 6-3(a) presents a group of stress-strain 
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Fig. 6-3. Effect of normal pressure on shearing resistance in granular soil. 


diagrams representing data obtained from a series of such tests on 
specimens of cohesionless soil. It is to be understood that in each case the 
indicated normal stress is the so-called effective stress, namely, stress 
transmitted from particle to particle through the solid phase by direct 
solid-to-solid contact. 


While it is evident from inspection of Fig. 6-3(a) that the unit shearin 


strength of cohesionless soil incr 

relationship can be represented more clearly in what is termed _a shearing=. 
strength diagram. As shown in Fig. 6-3(0), this diagram is constructed by 
plotting the unit shearing strength against the effective normal pressure 
for each of a number of tests like those described above. 

Shearing-strength diagrams for cohesionless soil plotted in terms of 
effective normal pressure are usually approximations of a straight line 
rising from the origin. Subject to certain qualifications given in later 
sections of this chapter, these diagrams furnish evidence that the shearing 
strength of cohesionless soil is directly proportional to the normal pressure. 
It is significant that this relationship exists whether a given condition of 
normal loading is reached through increase or decrease of previously existing 
loads, The general slope of the diagram is usually indicated by the angle 
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, which, for reasons given in a subsequent discussion, is referred to.as the 
angle of internal friction or simply the friction angle of the soil. 


Effect of Initial Density 

It is a common experience to find that under _a given normal 
densely packed cohesionless soil will develop greater shearin resistance 
(hana loose one. It is partly on this account, in fact, that soil compaction 
is undertaken in many construction operations. The effect of soil density 
us observed during direct shear tests may be described as follows. 
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lia. 6-4. Effect of initial density on shearing resistance in granular soil. 


Curve A in Fig. 6-4 is a stress-strain diagram representing data from a 
direct shear test on a cohesionless soil specimen which initially was at or 
hour its maximum density (minimum void ratio). It is evident from this 
curve that with increasing shearing displacement the resistance in the 
specimen develops to a maximum at point a, as previously indicated. The 
iuture of the diagram thereafter depends on the conduct of the test. With 
vortain types of loading machines it is difficult if not impossible to reduce 
(he shearing force once a point of failure has been reached, in order to main- 
‘nin a constant rate of shearing displacement.* With such equipment, 
displacement under the maximum shearing stress beyond point a would 
occur in this case with rapid acceleration as indicated by the line ab. 

If the same identical material were placed in the shear box in an ex- 
tremely loose condition (maximum void ratio) and a test performed under 


* Moat machines in which the shearing force ia created by some form of dead weight 
loading have this limitation, 
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the same normal pressure, development of strength, as indicated by curve B 
in Fig. 6-4, would be observed. In this case, however, under the maximum 
shearing stress reached at point c, shearing displacement would continue 
at an approximately uniform rate. 

Taking unit shearing strength as resistance at failure, as previously 
defined, shearing-strength diagrams for compacted and loose specimens of 
the same material would compare as shown in Fig. 6-5, the curve for the 
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Fia. 6-5. Peak and ultimate friction angles, granular soil. 


dense specimens being invariably steeper than the curve for loose ones. 
The slope of the diagram forthe dense material will be designated ¢,, often 
referred to as the peak friction angle. i 

If tests are performed with loading equipment* having provision both 
for increase and for rapid decrease of the shearing force, additional in- 
formation on the development of resistance in dense specimens may be 
obtained. This is also illustrated in Fig. 6-4. From the origin to point a 
the stress-strain curve for the dense soil obtained in this case would be as 
previously described. If the shearing stress applied at point a is reduced, 
however, it will be found that shearing displacement can be continued at a 
constant rather than an accelerating rate. Furthermore, it will be found 
that on reaching the condition represented by point c, displacement at a 
constant rate will take place under constant shearing stress. 








“B, K, Hough, A Universal Loading Machi) ' Bngineering Te Jol T 
Bull, No, 170, Dec,, 1950), p. 440 for Kngineoring Tests on Soils (ASTM 
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The experimental evidence given above indicates that at point a, the 
dense specimen suffers a loss of shearing resistance. Loss of resistance 
apparently continues until point ¢ is reached. Thereafter, resistance re- 
mains equal to the reduced shearing-stress value. The resistance of the 
initially dense specimen at point c and thereafter is approximately equal 
to that of a very loose specimen of the same material, as is shown by 
curve B in Fig. 6-4. 

The shearing resistance of the dense specimen at point a is termed 
maximum or peak resistance. At point ¢ it is termed ultimate resistance. 
Peak strength and ultimate strength of dense specimens are similarly 
defined. Thus it appears that the ultimate strength of cohesionless 


soils is independent. of initial density. Strength in excess of the ultimate 


value is in proportion to the initial relative density of the material. It 
will be noted that this excess strength is available only during initial 
stages of shearing displacement. Explanation is given below. 


Volume Changes 

It is unusual when shearing action in soil does not produce some change 
or tendency to change in soil volume aside from changes due to simple 
compression under normal loading. Changes due to shearing action may 
result in either an increase or a decrease in volume. 

If a specimen is initially very compact, as illustrated in Fig. 6-6, the 
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Fic. 6-6. Particle interlocking in dense, granular material. 


direction of relative movement of the upper and lower sections due to the 
pplication of a horizontal shearing force must have an upward component, 
us sliding occurs on the inclined faces of adjacent particles. This inclined 
movement probably occurs in dense specimens not only on a single plane 
but rather generally throughout the zone of shear and, even under very 
considerable normal loading, results in a significant increase in volume.* 


* Experimental data on volume changes during shear are often based on observation 
of the change in the total volume of a specimen, It is probable that at least in dense 
wumplos, volume changes are nonuniform, the maximum occurring in the zone of shear 
with little if any change taking place in the soll maw on either side, Thus volume 
changes within the gone of shear itself. may be even greater than generally realized, 
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A cohesionless soil specimen which is initially very loose will reach 
volumetric equilibrium in compression under any given normal loading at 
a relatively high void ratio. If it is subjected to shearing strains after the 
initial compression has ceased, it will usually undergo a slight further de- 
crease in volume as particles are moved to a more compact arrangement by 
the combined effects of normal and tangential loading. There is a definite 
limit, however, to the volume decrease which can occur during shear. 

The _ relation between shearing displacement and volume change is 
illustrated in Fig. 6-7. A significant feature of this illustration is the indi- 
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Fia. 6-7. Volume changes during shear in granular soil. 


cation that volume change is occurring continuously throughout each test 
and that ultimately both the dense and the loose specimens reach approx- 
imately the same void ratio. This is termed the critical void ratio. A 
specimen initially at the critical void ratio changes volume very little dur- 
ing a given test; specimens at higher void ratios decrease in volume, while 
denser specimens increase in volume. 

In view of the above observations it is not surprising that initially dense 
and initially loose specimens have the same ultimate shearing strength, 
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since by shearing distortion they are brought to approximately the same 
condition of density. 

Pore Pressure Effects. It is probable that significant pore pressures 
are developed less frequently in formations of cohesionless soils than 
in cohesive soils, since the former are relatively pervious. However, there 
are known to be certain situations in which significant pore pressures are 
created in coarse-grained soils at least temporarily, and the effect on shear- 
ing strength is so marked that this subject deserves careful consideration. 


Whenever a tendency toward volume change is initiated in any saturated 
soil, pore pressures will be affected. Volume changes may be caused _by 
consolidation or shearing action or both, as explained above. When the 
loading which creates the tendency toward volume change is gradually 
upplied—as is usually the case during any ordinary construction operation 

pore pressures in granular soils are seldom important. However, shock | 
or dynamic loads of considerable magnitude may be applied almost in- 


stantaneously to large masses of soil thr rth tremors, 


heavy blasting, or the operation of certain vibratory equipment. In 
addition, there are certain conditions when the development of artesian 
pressures in pervious aquifers is of practical engineering importance. 

To create pore water pressures in test specimens so that the effect on 
shearing strength may be observed, it is necessary to have an effective 
means of control over intake or expulsion of water from the specimen. 
‘There are certain practical difficulties involved in providing the desired 
degree of control in direct shear tests,* but in the following discussion it 
will be assumed that these difficulties can be overcome. Tests in which 
inflow or outflow of pore water is effectively prevented are termed un- 
drained tests. 

If shearing-strength diagrams are constructed to show the relation be- 
tween total normal pressure and unit shearing strength, the diagram for a 


series of undrained tests ooanes potas! specimens of cohesionless soi 
will be perceptibly flatter than the diagram for tests on partially saturated ‘ 


or dry specimens of the same material. The slope of the diagram for the 
undrained saturated specimens is sometimes designated ¢’ and referred to 
us the apparent angle of internal friction. It is evident from the preceding 
discussion that when a given total normal pressure is acting on a loose 
saturated specimen in a test wi rainage prevented, only a part of the 
pressure is transmitted through the solid phase. The balance is transmitted 
through the -confined,tiquid_phase. If drainage is unobstructed or if the 
specimen is partially saturated, the entire normal loading will be trans- 
mitted through the solids and the shearing strength will be greater. 

If undrained tests are conducted on saturated specimens of dense co- 
hesionless material, it will be found that under any given normal loading, 





*'Driaxial shoar towte are superior to'direct shoar tents in thin respect, 
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the strength of the saturated specimens will exceed that of unsaturated 
specimens. As previously explain A teak specimens tend to expand when 

pansion would normally result in 
intake of water. When this is prevented by’ the drainage conditions es- 
tablished in a test, a reduction in pore water pressures takes place. The 
normal stress at points of solid contact is, therefore, correspondingly in- 
creased, and greater shearing strength is developed. 


Rate of Shear ~~ ae 

The development of shearing resistance in a direct shear test specimen 
of cohesionless soil has been found to be relatively independent of the rate 
of shearing displacement. For given test conditions, approximately the 
same strength will be developed whether the increase in shearing stress is 
gradual or rapid. It is also the case that the shearing force may be applied 
in successive increments rather than at a steady rate without appreciable 
effect on the stress-strain diagram. Up to the failure point, each increment 
may be maintained indefinitely without significant yielding of the specimen 
beyond the initial takewp, which occurs when the increment is first applied. 
It will later be shown that in these respects clay specimens behave quite 
differently. 


6-10. Source and Nature of Shearing Strength 

Solid Friction. From such evidence as that presented above, it has been 
concluded that the major part of the resistance to shear developed by co® 
hesionless materials is due to friction between the soli particles on either 
side ol the ship plane. Friction between solids may be illustrated, as shown 
in Fig. 6-8, by the example of a block sliding on a plane surface. For the 
case of the sliding block, it is conventional in mechanics to write 


HEN, (6-4) 





in which 
F = total available frictional resistance 
JS = coefficient of friction 
N = total normal force 


Significant aspects of friction developed under such conditions between 
solids may be described as follows: 


The coefficient of friction between two solids is (approximately) a constant 
which depends upon physical characteristics of the solid surfaces as affected 
by composition of the solids and surface roughness. Thus the value of the 
coefficient for given solids can be significantly changed only through a 
change in surface condition, as by lubrication or contamination. As a 
corollary, it may be stated that the coefficient of friction is (approximately) 
independent of the normal pressure and of the area of contact between 
the solids. 
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The total frictional resistance varies directly with the total normal force 
but is independent of the area of contact between the solids. . 

The coefficient of friction between solids and the total frictional resistance 
under a given normal load are (approximately) independent of velocity. 


The situation created in a direct shear test is very similar to the example 
of the sliding block, and the laws of solid friction may be applied to co- 
hesionless soils with certain qualifications. Of these, one of the most im- 
portant is that in references to normal pressure there must be a distinction 
between total pressure across the entire failure surface and pressure acting 


across the area of solid contact, since the total pressure across the failure } 


plane may include hydrostatic pressure. Solid-to-solid contact pressure is 4 
termed effective pressure. Thus the basic expression for unit shearing 
strength of granular soil, if written in a form analogous to Eq. (6-4), 


would be 
8 = fpe (6-5) 


in which 


s = unit shearing strength 
f = coefficient of friction 
pe = effective normal pressure 


With reference to Fig. 6-8, it can be seen that the term f is actually the 


BS 









Nt ------ R 
Fia. 6-8. Friction between solids. 


tungent of the angle between the normal and resultant forces on the slip 
plane when all resistance to sliding has been developed. The practice in 
soils engineering is to indicate this explicitly in the equation by writing 


(6-6) 


s =p, tan ¢ 
in which aia les 
s = unit shearing strength 
p. = effective normal pressure 
» = angle of internal frietion 


It is also the practice to indicate the magnitude of available shearing re- 
sistance in soils by reference to values of the angle @ itself rather than values 


L 
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of the tangent. It can be seen that the chief difference in this connection 
is merely one of convention. 
_ It was suggested in several preceding sections that there might be not 
one but several different values of the friction angle for a particular soil. 
In some cases this possibility can be eliminated by proper consideration of 
hydrostatic pressures in fully saturated soil. This is not the case, however 
with such effects as those related to initial density in partially dalutated 
soil. Taking unit shearing strength at peak resistance, it would appear 
that the friction angle of initially dense material is greater than that of 
loose material. However, compaction of a granular soil from a loose to a 
dense condition in no way changes the composition of the solid particles 
or alters their surface condition. If the above quoted rules of solid friction 
are to be applied to soils, it must therefore be concluded that some ad- 
ditional factor is involved in the development of shearing resistance in dense 
materials. This additional factor is referred to as strength due to interlocking. 

Interlocking OO 

As previously stated, the initial movement of the upper part of a densely 
packed specimen in a direct shear test is at a slight angle with the line of 
action of the shearing force. This situation is analogous to that shown in 
Fig. 6-9, in which a block is at first compelled to move upward along an 








V 
Fic. 6-9. Analogue for effect of particle interlocking. 


inclined plane and afterwards along a level plane by application of a force 
which acts continuously in a horizontal direction. This accounts for the 
greater resistance of the specimen during early stages of the test. If the 
forces applied to the test specimen are resolved into components normal 
and tangential to the direction of actual sliding, however, it can be shown* 
that the ratio between the normal and tangential components during sliding 
is constant throughout the full range of movement. Such an analysis indi- 
cates that what might be called the true angle of internal friction is the same 
for both dense and loose specimens. 


“B. K. Hough, An Analysis of the Effect of Particle Interlocki 
‘ . ugh, An ! lhe le erlockin the Stre 
Cohesionless Soil (ASTM Bull, No, 176, Sept., 1951), p, 55. aie toe 
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Practical considerations usually interfere with such detailed analysis of 
shearing characteristics of soil as the above, at least in routine testing. It is 
therefore a common practice as an expedient to consider that the angle of 
internal friction of dense materials is greater than the friction angle for 
loose material. This is analogous to recognizing a difference between 
starting and sliding friction in solids. However, it is well to use a distinctive 
notation for the different friction angles, such as the suggested ¢, for the 
peak friction angle and ¢ for the true friction angle. 

For design purposes, the peak friction angle could be used for a dense 
material when there is assurance that the dense condition is not likely to 
be destroyed. If it is necessary to estimate resistance during a condition 
of actual sliding under constant shearing force, however, the calculation 
should be based on the true friction angle, regardless of the initial density 
of the soil. 

Strength due to interlocking is attributable to initial density, as indicated 
above, and to certain other soil characteristics, such as gradation and par- 
ticle size and shape. The influence of each of these factors is not well 
established, because of the practical difficulty and expense of conducting 
(ests on the coarser soil fractions. However, field observations support the 
following conclusions. 

Greater strength due to interlocking can be developed in well-graded 
material than in uniform material primarily because in the former, greater 
density can be attained. Particle shape is involved in much the same way. 
lat or angular particles can be fitted together in a very dense condition 
which results in the development of very effective interlocking, whereas 
rounded or spherical particles cannot. The ultimate in achievement of 
interlocking of this type is reached when large flat stones are laid up by 
hand, as in dry-wall construction. The influence of particle shape is recog- 
nized in highway construction when angular crushed stone instead of 
rounded stream gravel is specified for use in base courses and flexible pave- 
ment construction. 

Particle size affects the development of strength by influencing the 
amount of shearing displacement required to eliminate interlocking and to 
bring the solids to a free-sliding position. In an accumulation of boulders, 
for example, a movement of several feet might be required for this purpose, 
whereas in an ordinary direct shear test on minus No. 10 material the dis- 
placement at peak strength may be no more than 0.1 in. 

Particle size and shape effects are often combined: for example, excava- 
tions can be made on almost vertical slopes in undisturbed, natural forma- 
tions of coarse-grained gravelly soil with large, relatively flat or angular 
particles, especially when the latter have a predominantly horizontal 
orientation; whereas in fine-grained cohesionless soil with rounded particles, 
slopes steeper than | on 1 or 1.on 14 are uncommon, This important 
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difference in strength and slope stability would not be indicated by the 
sliding friction angles of the two materials, which might be of approxi- 
mately the same magnitude. 


6-11. Normal Range of Friction Angle Values. Shear tests on granular 
soils are not conducted to determine shearing strength per se but rather to 
determine the angle of internal friction. Once this soil characteristic is 
known, shearing strength is calculated by means of Eq. (6-6). For many 
approximate estimates and preliminary calculations involving the shearing 
strength of cohesionless soil, it is unnecessary that shear tests be conducted 
in order to determine the friction angle, since its value normally lies within 
a fairly narrow range. This range is naturally limited by the fact that, with 
few exceptions, particles of the primary minerals do not differ sufficiently in 
hardness and other properties to affect friction. The exceptions would 
include shales and weathered residual soils, on the one hand, and unusually 
hard materials, such as trap rock, on the other. Furthermore, the surface 
condition of soil particles except in the upper horizons is not subject to 
much alteration. In spite of a fairly general belief, it is not likely that 
wetting results in an effective lubrication of soil particles, since most soils 
contain sufficient moisture to form a film around each particle even in an 
air-dry condition. Loss of shearing strength in saturated soil occurs not 
through any significant change in the friction angle due to lubrication but 
through reduction in intergranular pressure due to submergence. For 
cohesionless soils in general, the true friction angle seldom is less than 
26° or greater than 36°, and the possible variation within this range may be 
related to particle size, shape, gradation, and composition, as shown in Fig. 
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Fia, 6-10, Typical values of friction angles, granular soil, 
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6-10. Thus, with a reasonably accurate description of a cohesionless soil, a 
true friction angle may be selected which will probably be correct within a 
few degrees. A value of 30° may be assumed in many cases when detailed 
information on particle characteristics is lacking. 

Values of peak friction angles range considerably higher than those of true 
friction angles. As indicated in Fig. 6-10, peak friction angles as high as 
46° have been reported in the literature, and it is conceivable that higher 
values could be obtained. The theoretical maximum would be reached in a 
condition of such close interlocking of particles that fracture of the solids 
themselves would be involved in shearing displacements. 

The selection of values of peak friction angles for use in approximate 
calculations cannot be accomplished with the same degree of confidence as 
for true friction angles. To evaluate strength in excess of ultimate it is 
essential to know both the in-place density of a given soil and also the 
variation with relative density of the peak strength of the given soil. 
Without this information shear tests on undisturbed specimens at natural 
densities would be required for exact calculations. However, an indication 
of peak friction angles for soils in various conditions of density is also given 
in Fig. 6-10 in general terms. Nevertheless it must be remembered that 


strength due to interlocking is lost on i ; thereafter 


only sliding friction remains. 


True Clays 


6-12. Distinctive Characteristics 

Particle Size and Shape. It is desired to limit the following discussion 
to characteristics of what may be called_true_clays—namely, soils with 
particles of 0.002-mm. diameter_and smaller.* The inorganic solids 
in these clays are predominantly secondary minerals which, because 
of a tendency toward basal cleavage, produce particles of platey shape. 
On the basis of the discussion in Chapter 4, it will be assumed that many 
natural clay formations have an approximation of dispersed structure. 
However, although immediately adjacent particles are assumed to be 
nearly parallel, it will be remembered that across any considerable distance 
it, is assumed that a more or less random particle orientation exists, as 
shown in Fig. 4-8. 

Many clay formations which are of interest in engineering are fully 
saturated. On this account, in discussions of clay characteristics a con- 
dition of full saturation is often assumed whether so stated or not. While 
this assumption is not always justified, the following dise 


to saturated clays except as otherwise noted, 


* It should be recognived that this is rather a severe limitation and that most natural 
clay formations contain significant amounts of coarser material, 
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Cohesion 

A characteristic of true clays is the property of cohesion. Sometimes re- 
ferred to in engineering as no-load shearing strength, this is the property 
which gives unconfined specimens of clay the strength and firmness which 
is lacking in coarse-grained, cohesionless soils, which are dependent for 
strength upon normal loading. As will be explained below, cohesion in 
clays is a property which varies considerably with consistency. Thus 
while cohesion is a characteristic of clays in general, it varies widely in 
degree with both the type of clay and the condition of a given clay. 


Adhesion 
Whereas cohesion is evidence of the mutual attraction of two different 
parts of a clay mass to each other, clay also often exhibits the property of 


adhesion, which is a propensity to unite with other materials at_a common. 


surface. Adhesion is thus a source of shearing resistance at the surface of 
contact between clays and other materials—resistance which has no re- 
lation incidentally to normal pressure. In some cases, adhesion appears 
stronger than cohesion in clays. This is of particular interest in relation 
to the supporting capacity of friction piling embedded in clays and is also 
of interest in problems dealing with lateral pressures on retaining walls. 


Tensile Strength 

In varying degrees and for different lengths of time, many clays are 
capable of developing a certain amount of tensile strength, as is explained 
in further detail in Chapter 7. The possession of tensile strength by clays 
permits the development at least temporarily of tensile stresses in clay. 
This in turn may affect the magnitude of normal stresses on failure planes. 
This point is made for later reference. 

Clays have many other distinctive characteristics, such as plasticity and 
compressibility. The properties listed above, however, are those which are 
of particular interest in connection with shearing strength. 


6-13. Effect of Normal Pressure. Since clays encountered in many en- 
gineering projects—in foundation engineering in particular—are usually 
fully saturated, the following discussion of the characteristics of saturated 
clays in undrained shear tests has fairly general application. 

To investigate the effect of normal loading on the shearing strength 
of clays, direct shear tests may be conducted, as previously described, using 
identical specimens but applying a different normal load in each test. A 
shearing strength diagram for such tests, plotted in terms of total normal 
pressure and unit shearing strength, as shown in Fig. 6-11, will be an 
approximation of a horizontal line intersecting the Y-axis above the origin. 
For the given test conditions, the intercept on the unit shearing-strength 
axis is taken as a measure of the shearing strength of the clay due to co- 
hesion. 2 fe n stOn, C. 
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Fig. 6-11. Effect of normal pressure on shearing resistance of saturated clay. 


Results of this nature are to be expected in a material having a con- 
tinuous liquid phase and a discontinuous or weak solid phase. These 
results, therefore, help to substantiate the previously described theories 
as to the structure of clays. 

It is difficult if not impossible to utilize the concept of effective stress in 
connection with the shearing resistance of saturated clays. When grain-to- 
grain contacts are relatively infrequent or when the solid phase is extremely 
weak in itself in either compression or shear, it cannot be imagined that 
any substantial part of the normal loading is transmitted through direct 
particle contacts. For this reason, it is common practice with saturated 
clays to construct shearing-strength diagrams in terms of total normal 
stress. The test results presented in Fig. 6-11 indicate that the unit shear- 
ing strength of a saturated clay in undrained tests is independent of total 
normal pressure. Since this is true, the strength of clay soils is often re- 
ported simply in terms of unit cohesion, regardless of overburden loading. 


6-14. Effect of Consistency 


Cohesion as a Function of Water Content. It is common knowledge that E se 


the shearing strength of a clay soil varies widely with its consistency. A 
clay which is at or near its liquid limit has very little if any measurable 


strength, whereas at lower moisture contents the same clay may have con- 
necessary to conduct shear tests on specimens of a given clay at different 
water contents. Typical test results for remolded specimens are given 
in Fig. 6-12. 

Since the present discussion is limited to saturated clays, the relationship 
between cohesion and water content indicated in Fig. 6-12(b) cannot be 
extended to water contents lower than the minimum necessary for satura- 
tion, The cohesion of partially saturated clays in any case does not appear 


vam 
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Fia. 6-12. Variation of cohesion with water content. 


to be a single valued function of water content. In the range of partial 
saturation, water content and void ratio may vary independently. 

The findings reported above are of particular interest in reference to the 
shearing strength of natural clay formations. When the water content of 
such a formation appears to be independent of depth, as sometimes happens, 
it is common practice to assume that shearing strength is independent of 
overburden pressure. In such a case, tests to establish relationships be- 
tween cohesion and water content* are of chief practical value in engineering 
applications. 


Change in Consistency due to Consolidation 

Very often, the consistency of clay in the field is affected by natural 
causes, such as shrinkage and swelling. However, the consolidation of clay 
under loading may produce changes in consistency of equal importance. 
This may be demonstrated by shear tests on saturated clay specimens if 
suitable provisions are made for preliminary treatment of the test speci- 
mens. For such purposes the normal loading is applied and maintained 
long enough for full consolidation to occur prior to shear. These are termed 
consolrdated or preconsolidated tests. When a test is referred to as a con- 


solidated test, it is implied that drainage was permitted prior to shear. 





~ As an illustration, assume that three originally identical specimens of 
a remolded clay are selected for consolidated shear tests. Prior to test, 
however, each is consolidated under a different normal loading. One after 
another, the specimens are then sheared, each with the same normal load 

* The implication here is not that water content is necessarily a source of strength but 
rather that it is a convenient index. Strength may be influenced more by particle 


spacing, as reflected in void ratio values, and particle orientation, as influenced in part 
by particle shape, than by water content, 
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acting during shear as during the preconsolidation process. Under these 
conditions, the unit shearing strength of the specimens will appear to be 
in approximate proportion to the normal loading. It is a very common 
practice, in fact, to represent this as the case by plotting shearing strength 
diagrams in terms of unit shearing strength and normal loading for pre- 
consolidated specimens of remolded clay, as shown in Fig. 6-13(a). It Is 
fallacious, however, to assume that the strength developed by clay speci- 
mens under these conditions is directly attributable to the normal loading 
at time of shear. This can be demonstrated by consolidating all the speci- 
mens under one loading and then testing them in shear under another. 
Results obtained with the latter technique are illustrated in Fig. 6—-13(6). 


Specimens consolidated @loading Ps 


‘Specimens consolidated @ loading 


Unit Shearing Strength 





Normal Pressure 
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Fia. 6-13. Change in consistency of clay due to consolidation. 


Normal Pressure 


Saturated, Remolded Clay Specimens 
Consolidated at Pressures Pp), Pz, Ps: 


Here it is indicated that once a saturated specimen has been consolidated 
under loading p,, for example, it will have approximately the same strength, 
whether it is subsequently sheared under loading p,, p., Or ps. Capillary 
offeets may be eliminated by conducting such tests on samples which are 
completely submerged in order to eliminate air-water interfaces. Thus 





it is evident that the preconsolidation process is simply one method of 


changing the consistency of the clay. At_a given consistency the strengt 
of a saturated clay is practically independent of normal loading, as_pre- 


viously stated. 

The foregoing evidence that shearing strength of clay may be influenced 
through a change in consistency brought about by consolidation is very 
important in engineering. When a natural formation is initially too weak 
to support a proposed loading, such as an embankment, for example, there 
are occasions when it is feasible through consolidation to increase its 





\ 
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strength sufficiently to meet the requirements. Such consolidation is 
usually accomplished by a preliminary loading program plus an improve- 
ment of natural drainage conditions when possible. The gain in strength 
_-to be expected under a given loading is a function of the compressibility of 


_“ the clay. The more compressible the clay, the more its consistency will 


change under a given loading. Thus the strength of one clay might be 
doubled by application of a certain load, while that of another might be 
increased only a small amount. 


6-15. Effect of Shearing Rate on Development of Strength 

Standard Procedure. Whereas it has been found that cohesionless soils 
are relatively insensitive to rate and manner of shearing, many true clays 
are just the reverse. Much of the information on the shearing strength of 
clay which has appeared in the literature and many of the test values used 
in engineering practice derive from tests in which some degree of standardi- 
zation as to shearing rate has been attempted. In direct shear tests, for 
example, it is a common practice to use the strain-control procedure, in 
which the shearing force is applied in such a manner that shearing dis- 
placement occurs at a constant rate.* It is mainly through such standardi- 
zation that consistent results are obtained. Many of the foregoing state- 
ments in this text regarding the strength of clay are based on results from 
standardized strain-controlled tests. When significant changes are made 
in test procedures, certain of the test results may be affected in varying 
degree. It may be surmised that in nature and in construction operations 
where rate of strain is largely uncontrolled, similar effects may be created. 
There are two important considerations, namely, the effect on the amount 
of shearing resistance which may be developed and the effect on the dis- 
placement which may occur at a given shearing stress. 


Strain-controlled Tests at Different Rates. One of the effects of rate of 
/shear on shearing resistance can be demonstrated by strain-controlled 
tests in which different rates of displacement are used and maintained 
constant for the duration of each test. It is important to prevent drain- 
age in these tests so that there will be no change in consistency during 
the test period. Curves A and B in Fig. 6-14 represent data for such tests 


‘ on remolded clay specimens. From such tests it has been found that the re- 
ee sistance developed by saturated clay specimens is, to some degree, pro- 
portional to the rate of shear. Authorities differ as to the magnitude of 


this effect. It seems to be generally agreed, however, that the effect is 
consistent. There is some evidence that it is normally of the order of about 
20 to 25 percent. The standardized strain-controlled tests are believed to 
give conservative values. 


“A rate of 0,05 in. per min. is often used, 
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Fia. 6-14. Effect of rate of shear on strength of true clays. 


Increase of Shearing Stress by Increments 

Curve C in Fig. 6-14 indicates results obtained by incremental loading of 
4 specimen of the same remolded clay used in the two strain-controlled 
tests previously described. Here a moderate shearing stress is applied and 
maintained constant until shearing displacement virtually ceases. The 
displacement is observed to be rapid at first and then to proceed more and 
more slowly until it is scarcely observable. By continuing the loading in 
this fashion it is found that a much greater shearing resistance is eventually 
developed than was possible in either of the strain-controlled tests. When 
failure occurs, however, a very sudden and marked loss in strength is ob- 
served in the remolded specimen tested under incremental loading. This is 
indicated by the fact that if an effort is made to maintain the shearing stress 
which was reached at failure, displacement occurs at a rapidly accelerating 
rate. If rate of displacement is to be held constant after failure, a rapid 
reduction in shearing stress is required. 


Intermittent Strain 

If a small shearing strain is created in a saturated clay specimen by 
application of a moderate shearing force, the specimen will develop shearing 
resistance as in a constant strain test. However, a significant amount of 
continuing strain, as in tests where the shearing stress is increased by incre- 
ments, is required to maintain this shearing resistance. If the strain mech- 
anism in a direct shear test is stopped after an increment of shearing force 
has been applied, strain in the specimen will continue for some time as a 


form of creep or flow, but during this period the shearing force and the 
shearing stress in the specimen will stewmlily decrease, This is in contrast 
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Fia. 6-15. Effect of particle size and shape on strength of clays. 
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to the behavior of granular soil i i i 


materially alter the shearing stress. 


6-16. Effect of Shearing Rate on Displacement. The curves given in 
Fig. 6-14 indicate that at any given shearing-stress value prior to reaching 
maximum resistance, the shearing displacement is also affected by rate of 
shear. This effect may be somewhat more marked than the effect on 
strength. The displacement in the slower of the two strain-controlled 
tests used in this illustration is more than half again as much as that in the 
faster test at the same shearing stress. Evidently, under gradual applica- 


tion of shearing stress, a significantly greater yielding in clays is to be 
expected than under rapid application. This too is in contrast to the 


behavior of coarse-grained soils. 
6-17. Structural and Textural Effects 


Effect of Particle Size. Among true clays it has been found that shearing 
strength at_a given water content is in inverse proportion to particle 


size. Test data supporting this statement are presented in Fig. 6-15. 
Curves A, B, and C in this figure are for specimens of montmorillonite, 
illite, and kaolinite, respectively. These three clays have particles 
which are somewhat alike as to shape but, as shown in Chapter 5, are of 
significantly different size. At a water content of 50 percent, for example, 
the most finely divided clay, montmorillonite, has several times the 
(oon of ibe Aepe comer lapels the ities eee 
nificantly stronger than the coarsest clay, kaolinite. Conversely, as illus- 
trated in Fig. 6-15, it is possible for the more finely divided clays to develop 
a given strength (0.3 tons per sq. ft., for example) at a much higher water 
content than the coarser clays. This is in accord with information on the 
liquid limit of these clays. At its liquid limit a clay first develops the mini- 
mum shearing strength necessary to resist the tendency to flow. The 
liquid limits for montmorillonite, illite, and kaolinite are in the order of 
600, 100, and 50 percent, respectively. 

Certain preliminary studies indicate that it may be possible to relate 
the shearing strength of fine-grained soils at given consistencies to their 
specific surface. The latter characteristic would appear to be a more suit- 
able index of strength than size. 


Effect of Particle Shape 

The effect of particle shape is indicated in Fig. 6-15 by comparison of 
curve D with the others. Curve D represents data obtained from tests 
on attapulgite—a clay with needle-shaped rather than plate-shaped parti- 
cles. At a given water content, 110 percent for example, the strength of 
this clay is markedly greater than that of any of the clays with plate- 
shaped particles, It has been suggested that this is attributable to a 
jackstraw type of structure produced by a random orientation of the needle- 
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shaped particles which would result in a maximum amount of interference 
and resistance to shear. 


Sensitivity 


It_has been observed that certain clays which in nature may be quite 
firm or hard become very soft when disturbed or remolded without change 


in water content. This effect may be demonstrated in shear tests on speci- 
mens of such clays. Curve A in Fig. 6-16 presents stress-strain data for an 
undisturbed specimen of such a clay. During initial stages of shearing 
displacement, this specimen develops significantly greater strength than 
in later stages, when the displacement has presumably caused remolding. 
The peak strength of the undisturbed specimen is also greater than the 
strength developed at any time by a specimen, represented by Curve B, 
which was completely remolded prior to test. 4 


Undisturbed 






W 
O 
vo 
Z e 

f Ww 
Do 
c 
“iE 
2 Remolded 7 
£ ks 
Y — 






20% 
Shearing Strain in Percent 


Fic. 6-16. Effect of structural disturbance or strength of clays. 


_It is evidently important to distinguish clays in which this effect is 


pronounced from those in which it is not. The effect is measured in terms 








of what is known as the sensitivity* of the clay. This is indicated by the 
term degree of sensitivity,t S:, defined as 


unit cohesion, undisturbed sample 
unit cohesion, remolded sample 


Si = (6-7) 


The values of S, for most clays are said to range between 2 and 4, those for 
sensitive clays from 4 to 8. What are termed extra-sensitive lays have S,, 
values over 8. 

Sensitivity, which is a well-known property of certain clays, may be 
related to structure. A true clay having flocculent structure, as defined 
and represented in Chapter 4, might well be expected to have the initial 





*'Teraaghi and Peck, Soil Mechanics in Hngineering Practice (New York: John Wiley 
& Sons, Inc,, 1948), p, 81, 
| Expressed as a number, not a percentage, 
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resistance to shear which is characteristic of a sensitive clay. It is also to 
be expected that shearing strain in such a clay would convert the flocculent 
to a dispersed type of structure in which the liquid is the continuous phase 
with the result that the shearing strength is markedly reduced. Further 
evidence* that sensitivity involves structure and structural changes such 
as those suggested above is found in the fact that the characteristic change 
in strength occurs without a change in the total soil volume or alteration 
in the nature or composition of the soil components. 

Certain clays at high water contents (slurries) exhibit a similar loss of 
strength when agitated. With these materials, however, the effect is 
reversible. A material which behaves in this manner is drilling mud. This 
is a suspension of clay in water often used as a drilling fluid in rotary 
drilling. While the mud is kept in constant motion by rotation of the drill 
rods, it has the properties of a slurry or viscous fluid. When the rods are 
stopped, however, the mud appears to stiffen and to acquire the properties 
of a gel. Like the undisturbed clay referred to above, such a gel would 
show measurable resistance to shear in certain very sensitive tests until 
enough strain had occurred to alter its condition. Here the effect is termed 
thixotropy, which is the property of changing condition when touched (from 
thée-Greek thizis, meaning “touch” and tropein, meaning “‘to change’’). A 
change in particle orientation is believed to occur as a thixotropic material 
changes from a sol to a gel and vice versa. 

From the above, it can be seen that water content alone is not a com- 
pletely satisfactory index of the strength of a particular clay even when it is 
saturated, since at a given water content, strength may be significantly 
affected by disturbance. This has important application in connection 
with pile-driving operations, for example, and other types of construction in 
which disturbance of natural clay formations is inevitable. 


6-18. Source and Nature of Shearing Strength in Clays 

Viscous Friction. The available evidence as to the shearing strength of 
saturated clays at constant water content indicates that solid friction 
offects—if they exist at all—are of relatively minor importance and that 
viscous friction effects are quite pronounced. ‘The laws for viscous friction 


are in general the opposite of those for solid friction. They may be sum- 
marized as follows: 








The total frictional resistance is approximately independent of normal 
force but varies directly with the contact area. 


The total frictional resistance varies with some power of the relative 
velocity of adjacent layers of fluid or with rate of shearing. 


The well-established fact that the strength of saturated clays varies 


“There is some evidence that at an extremely slow rate of strain, the difference be» 
tween the undisturbed and remolded strength of sonaltive olay ia reduced or eliminated, 
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with consistency also is in accord with the concept that strength is due to 
viscous rather than solid friction. 

For many years, the gain in strength of clays due to consolidation was 
taken as evidence of a solid friction effect. The slope of shearing strength 
diagrams, like that in Fig. 6-13(a) for example, was once referred to as an 
indication of the “true” friction angle of the clay. It now appears that 
this is a misnomer and that saturated, colloidal clays should not be con- 
sidered as having any appreciable strength due to solid friction. 

Structural Effects 

In addition to strength due to viscous friction, the above described initial 
resistance of sensitive clays is significant in many cases. It is apparently a 
structural effect and may perhaps be thought of as a form of interlocking 
or interference of particles on a microscopic scale. Shearing strains ap- 
parently cause a change from a random to a preferred particle orientation 
in such clays and thus eliminate this effect much as shearing strain elimi- 
nates the effect of initial particle-interlocking in coarse-grained soils. 


Mixed Soils 


6-19. Definition. For purposes of this discussion, a mixed soil is defined 
as_one which owes its shearing strength in part to cohesion and in part to 





solid friction. Relatively small quantities of silt and sand in a true clay 

will introduce certain frictional effects and vice versa. Thus a lean or 
silty clay, a sand-clay mixture, or even soils described as silty (or dirty) 
sand or sand and gravel are all in this category. 

Mixed soils are probably more common in nature than purely cohesion- 
less soils or true clays. Thus strength determinations for mixed soils are 
required in practice rather more frequently than those of the other two 
types. 

6-20. Coulomb’s Law. It was recognized by Coulomb many years ago 
that soils in general derive strength both from cohesion and solid friction. 
The expression for what is known as Coulomb’s law is written in the follow- 
ing form: 


s=c+ptan¢ (6-8) 
in which 
= unit shearing strength 
= unit cohesion 
= normal stress on surface of sliding 
= angle of internal friction 


eBda o 


The simplicity of this expression is deceptive. It masks the fact that 
proper evaluation of the terms c, p, and ¢ for a given set of conditions muy 
be an extremely difficult, complicated task—-one which very often should be 
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undertaken only under the supervision of an experienced soils specialist. 

Lack of appreciation of this fact has often led to the sending of samples to 

a laboratory with a request that tests be run to determine c and @. The 

preceding discussion has brought out the fact that c is a variable, not a 

constant property of soil, and that experimental evaluation of ¢ may be_ 
influenced by effects attributable to interlocking rather than solid friction, 

by changes in clay consistency due to consolidation, by drainage oppor- 
tunity, by rate of shear, by structural disturbance, and by many other 
factors. 

A detailed discussion of procedures for experimentally evaluating c and 
for mixed soils and of applying Coulomb’s equation is beyond the scope of 
this text. However, a few of the essential considerations are presented 
below as an indication of the need for special care and skill in this con- 
nection. 

In its usual form, it can be seen that the expression for Coulomb’s law is 
the equation of a single straight line which would be plotted as shown in 
ig. 6-17. Such a diagram would represent data from a. series of tests on 
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Fic. 6-17. Coulomb’s law for strength of mixed soils. 


remolded, mixed soil specimens, each initially at the same consistency. 
Other diagrams, roughly parallel to the given curve, would be obtained 
from tests on the same soil at other consistencies. The normal pressure in 
each test represented by such a diagram must be the effective pressure. 
This would be the case if the specimens were partially saturated or if they 
were preconsolidated to the test pressure, 

When efforts are made to apply the Coulomb equation to data from tests 
on undisturbed specimens, further complications may arise, Assume 
that undisturbed test specimens are obtained from a point in a natural 
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formation where the soil is already consolidated under an appreciable 
pressure. If these specimens are tested in the same manner as the remolded 
specimens referred to above, the shearing strength diagram, rather than 
being linear as before, will usually be an approximation of two lines or 
shallow curves of significantly different slope, as shown in Fig. 6-18. The 
flatter, initial section of these diagrams reflects conditions during recom- 
pression of the specimens in the laboratory, when change in density is 
relatively minor. At loads greater than any previously existing in nature, 
however, significant compression occurs in most mixed soils, and greater 
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Fia. 6-18. Shearing strength diagram for undisturbed specimens of cohesive soil. 


strength is developed. With a nonlinear test diagram, the difficulty of 
utilizing the Coulomb equation is obvious. Presumably, the equation is 
applicable primarily to the steeper or virgin section of the curve. If so, the 
unit cohesion would be taken as the unit shearing strength at the point of 
maximum previous compression and ¢ as the slope of the virgin section of 
the diagram. Furthermore, if the Coulomb equation is to represent only 
the virgin section of the diagram, it is evident that the value to be used for. 
the normal pressure, p, must be only pressure in excess of the maximum 
previous : 8, if the existing or maximum previous overburden 
pressure is | ton per sq. ft. and this pressure is to be increased to 2 tons per 
sq. ft., the strength of the soil will be a function of the existing cohesion 
and a term having a value of 1 tan ¢, not 2 tan @. To clarify this point, the 
equation could be written as shown in Hq, (6-9), 
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s=c-+ (p— p.) tang (6-9) 


It is further evident that in computing 7, distinction must be made between 
effective and neutral stresses. 


6-21. Practical Considerations. It may be seen from the above discus- 
sion that one of the difficulties in utilizing the Coulomb equation lies in 
establishing the proper relative magnitudes of strength due to cohesion and 
strength due to solid friction. It is therefore appropriate to consider why 
a distinction between the two is important. 

When it is desired to determine the shearing strength of a given soil for 
a particular set of reasonably well-defined conditions of loading and pore 
pressure, distinction between cohesion and solid friction becomes relatively 
unimportant. The controlling conditions can usually be simulated in the 
laboratory, and tests can be conducted which will give reasonably accurate 
values of total strength for either remolded or undisturbed specimens. 
It is when future loading and pore pressure conditions cannot be well 
defined or when it is known that they will be subject to certain variations 
that it becomes essential to distinguish between strength due to cohesion 
and solid friction, respectively. An example of the latter situation is found 
in analysis of an earth slope or other mass, the stability of which may be 
affected by submergence or seepage forces of varying magnitude. The 
changes in unit soil weight and in pore pressures which may result under 
these conditions will affect stability only through their effect on strength 
due to solid friction, except as saturation may change consistency and 

thus cohesion. 


PROBLEMS 


6-1. (a) Under ordinary conditions, how can one determine when failure occurs 
in a soil specimen during a direct shear test? (6) Define unit shearing strength of soil. 


6-2. (a) A single sample of dry, cohesionless soil is tested in a direct shearing 
device. Under a normal stress of 4 tons per sq. ft. the sample develops a shearing 
resistance of 3 tons per sq. ft. What is the value of the friction angle for this ma- 
terial? (6) Under a normal loading of 3 tons per sq. ft. a partially saturated granular 
specimen fails at 1.8 tons per sq. ft. shearing stress. How much resistance will it 
develop under 5.5 tons per sq. ft. normal loading? 


6-3. Calculate the potential unit shearing resistance on a horizontal plane at a 
depth of 10 ft. below the surface in a formation of cohesionless soil under the follow- 
ing conditions: (a) when the water table is at the ground surface; (6) when the 
phreatic surface is at a depth of 12 ft. In both cases assume @ = 30°; ¢ = 0.5; and 
G@ = 2.7. In Case b, assume S = 50 percent average from zero to 12 ft. depth. 


6-4. (a) Define peak shearing strength, and deseribe the type of soil in which it 
may be developed, (0) Define ultimate shearing atrength, (¢) Define eritical void 
ratio, 





~ 
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6-5. It is reported that the angle of internal friction of a cohesionless soil is 46°. 
Describe the density of the test specimen prior to shear and the point in the shear 
test at which the shearing resistance was measured. 


6-6. A fully saturated cohesionless soil specimen is to be tested in shear. Will its 
shearing resistance in an undrained test be the same, greater, or less than in a 
drained test (a) if it is initially very compact, (6) if it is initially very loose? 


7 6-7. (w) What is the reason for the difference between peak and ultimate shearing 
resistance in sand? (6) Isa peak resistance developed in all tests on sand? Explain. 
(c) Will a very dense saturated sand tend to expel or take in water during shear? 
Explain. 


6-8. What is the approximate range of values for the internal friction angle of 
cohesionless soil? 


6-9. (a) Assume that a common brick is 8 in. X 4 in. X 2 in. in size and weighs 
4 lb. and that the coefficient of sliding friction between the brick and a finished 
hardwood plank on which it rests is 0.5. If the plank is horizontal, what is the total 
frictional resistance of the brick to sliding when the brick is lying flat, when it is on 
one side and when it stands on end? (b) What is the angle between the normal and 
resultant forces on the brick during sliding? (c) At what angle must the plank be 
inclined so that the brick will slide at a constant rate of speed? 


6-10. A saturated clay specimen in an undrained test develops a unit shearing 
strength of 0.8 tons per sq. ft. under 2 tons per sq. ft. normal loading. How much 


Strength would another identical specimen develop in an undrained test under 6 tons 


per sq. ft. normal loading? 


CeALY a) Define unit cohesion of clay. (6) Distinguish between cohesion and 
adhesion in clay. 


6-12. (a) A normally loaded clay formation exists in nature under a loading of 
1.5 tons per sq. ft. due to the weight of the overlying materials. Laboratory 
tests on an undisturbed specimen of the clay show that its unit shearing strength 
under zero normal loading is 0.5 tons per sq. ft. What is the approximate unit 
shearing strength of the clay in nature? Assume the clay is saturated. (6) If the 
loading on the clay layer is increased from 1.5 to 3.0 tons per sq. ft. by construction 
of an earth fill, how will the strength of the clay be affected? 


6-13. An undisturbed clay specimen tested in shear develops initially quite a 
high resistance, but then as shearing strains continue, its resistance lessens. Explain. 


6-14. Strain-controlled, undrained, direct shear tests are conducted on two 
identical specimens of fully saturated clay. In one test the rate of strain is 0.05 
in. per min., in the other 0.20 in. per min. Which specimen will develop the most 
shearing resistance? Explain. 


6-15. At a given water content, which will develop greater shearing resistance, 
4 saturated sample of silty clay or a saturated sample of the colloidal fraction of the 
same clay? Hxplain, 
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416) Define sensitivity in clays. What is the range in values for the degree of 
sensitivity of clays? 


17) Give the equation which expresses Coulomb’s law for the shearing strength 
of soil, and comment on its applicability to fully saturated clays. 









CHAPTER 7 
STRESS ANALYSIS 


For prediction of soil behavior on an analytical basis, it is necessary to 
estimate the stresses which are created at various critical points in natural 
formations and embankments by forces of nature and by applied loading. 
When the stresses have been evaluated, the extent of soil deformation or the 
possibility of rupture can be established by reference to data on com- 
pressibility and shearing strength. In principle the above described pro- 
cedure is essentially the same as standard procedures in mechanics and struc- 
tural engineering. Certain of the methods used for stress analysis in soils 
engineering in fact are methods originally developed for use with materials 
other than soils. Although a familiarity with certain of these methods is 
generally considered to be a prerequisite for a course in soils engineering, 
a summary of procedures in most common use is given below for review and 
reference. 


Stress at a Point 


7-1. Stress Interrelations. It is shown in mechanics that there are 
certain interrelations between the stresses at a point in an element of mass 
which has been subjected to loading. These relations will be discussed 
with reference to Fig. 7-1, in which a condition of plane’stress is illustrated. 
At the point a in the element the normal, tangential, and resultant stresses 
on plane A-A will be assumed to have relative magnitudes as shown in 
Fig. 7-1(a), for the particular condition of loading which is illustrated. 
The values of the stresses normal and tangential to another plane through 
the point with a slightly different orientation, such as B-B, will in general 
differ from those on the first plane. If stresses on all possible planes through 
the point are evaluated, it will be found that there are two mutually 
perpendicular planes on which the tangential stresses are zero. The normal 
stress on one of these planes is greater than the normal on any other plane 
through the point. On the other plane the normal stress has its minimum 


value. These two planes are known as the principal planes, the one on 
which the normal stress is a maximum being termed the plane. of major 
principal stress, the other being the plane of minor principal stress. 

It is sometimes convenient to consider that the principal planes are the 


coordinate planes and to locate other planes through the point by their 
orientation relative to the plane of major principal stress, This convention 
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principal stress 
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B A 


O=angle between intermediate 
plane and plane of major 
principal stress 


a=normal stress 

tT =tangential stress 

r =resu/tant stress 

a=angle of obi eEy of 
resu/tant with fhe normal () 


(2) 


Fia. 7-1. Stress at a point. 


is illustrated in Fig. 7-1(b). Stresses on intermediate planes may then be 
expressed in terms of the principal stresses and the angle between the 
intermediate plane and the plane of major principal stress. Hquations 
developed for this purpose are as follows: 


o = a, cos? 6+ o3 sin? 6 = o, + (c, — a3) cos? 0 (7-1) 


Tt = (0, — o3) sin @ cos 0 (7-2) 
in which 

o = normal stress on intermediate plane 

7 = tangential stress on intermediate plane 

o, = major principal stress 

o3; = minor principal stress 

6 = angle between intermediate plane and plane of major 

principal stress 


7-2. Mohr Stress Circle. While Eqs. (7-1 and 7-2) would serve for many 
applications, it has been found that a graphical means of indicating stress 
relationships is often extremely useful. The Mohr stress circle, which was 
developed for this purpose, is widely used in soils engineering. Successive 
steps in constructing this circle as it has been adapted to use in soils en- 
gineering are shown in Fig. 7-2. 

A pair of coordinate axes is first constructed, as shown in Fig. 7-2(a). 
The origin is designated the origin of stresses, O,, Stresses are represented 
on these coordinates by vectors drawn to scale in the directions indicated, 
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Fia. 7-2. Mohr stress circle construction. 
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Normal stresses are represented by vectors drawn in horizontal directions 
from the origin of stresses. In soils engineering the normal stresses of 
interest in most cases are compressive stresses, and on this account it is 
conventional to plot these stresses to the right of the origin. However, 
on some occasions tension must be considered. Tensile stresses are plotted 
to the left of the origin. Although provision is made in this way for plotting 
tensile stresses, all reference to normal stresses in the following discussion 
may be assumed to relate to compressive stress unless otherwise stated. 

Shearing or tangential stresses are represented in this diagram by 
vectors drawn vertically. These vectors, as explained later, are drawn from 
the ends of the normal-stress vectors instead of from the origin. 

If the principal stresses are known they may be represented by vectors, 
us shown in Fig. 7-2(b), using the convention for plotting normal stresses. 


All normal stresses, including principal stresses, are represented by vectors 








_{rom the origin of stresses. Consequently, they all overlap one another for 


part of their length. 

In Fig. 7-2(c) a second origin of coordinates is introduced. Known as 
(he origin of planes, this origin, O,, is located at the right-hand end of the 
ininor principal stress vector. It is used as shown for indicating the relative 
positions of the principal planes and all the intermediate planes. 

Stresses on an intermediate plane may also be represented in the diagram 
if their magnitude is known. Numerical values of the normal and shearing 
wlresses on an intermediate plane may be obtained by solving Eqs. (7-1) 
und (7-2), assuming that values of ¢,, ¢3, and 6 are known. The values of 
w and 7 obtained in this way may then be represented by vectors, as shown 
in Fig. 7-2(d). Note that the shearing-stress vector is constructed vertically 
from the end of the vector for the normal stress on the intermediate plane, — 
vot from O,, the origin of stresses. 

Although the directions of the vectors representing the shear and normal 
ylresses on the intermediate plane are not properly related to the position 
of the plane itself or to the directions of the principal stress vectors, they 
ure properly related to each other. Hence a line from the origin of stresses 
to the end of the shearing stress vector will correctly indicate the magnitude 
of the resultant stress on the intermediate plane and its line of action relative 
to the normal-stress vector. The angle between the normal and resultant 
xlress vectors, which is known as the angle of obliquity of the resultant, is 
designated a. 

If the same construction is made for stresses on all intermediate planes, 
it will be found that for given values of principal stresses the ends of the 
vectors representing shearing stresses on the intermediate planes will lie 
in acirele, ‘This is the Mohr stress ci ta diameter, as shown in Fig. 
7-2(e), is the veetor difference between the two principal stresses, ‘This is 
sometimes termed the deviator stress. When it has been demonstrated that 
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Freehand Sketch, No Scale 


(6) 


Fic. 7-38. Use of Mohr circle in stress analysis. 


a circle constructed in this manner is the locus of the ends of the shearing- 
stress vectors, values for stresses on any intermediate plane may be ob! 
tained without reference to the equations. For example, let it be assumed 
that o; = 10 psi, o, = 30 psi, and that it is desired to use the Mohr circle 
construction to find the shear and normal stresses on a plane at 30° with 
the plane of principal stress. A construction is made with the given values 
as shown in Fig. 7-3(a). The values of the unknowns, 7 and o, may then 
be scaled from the figure. The values obtained in this way ane o = 25 
psi and 7 = 8.72 psi. Values for r and a may also be obtained. 

Rather than using diagrams drawn to scale, the Mohr stress circle con- 
struction may simply be sketched freehand as a means of indicating titate 
nometri¢ relations between various stress components. For example, the 
same illustrative problem given above may be solved by reference to the 
freehand sketch given in Fig. 7-3(b). In this sketch the dotted line be has 
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been added to form the right triangle abe. The following relationships are 
now apparent: 


be = 20 sin 30° 

+ = be sin 60° = 20 sin 30° sin 60° = 8.7 psi 
ad = 8.7 tan 60° = 15 psi 

o = 15+ 10 = 25 psi 


Once a familiarity has been gained with this means of utilizing the Mohr 
cirele construction, analysis of stresses at a point may be accomplished 
without reference either to Eqs. (7-1) and (7-2) or even to an accurate 
stress circle construction. 5 


Rupture Theory 


7-3. Cohesionless Soil. The stresses which can be developed at a 
wiven point are limited by the strength of the material. There are a number 
of different theories as to the nature and extent of this limitation. For 
materials like cohesionless soil, which derive strength from solid friction, 
the Mohr rupture theory is considered most satisfactory. Theory for clay 
soils is discussed later. 


Mohr Rupture Theory 

According to Mohr,* “the ultimate strength of a material is determined 
by the stresses in the planes of slip.” More specifically, “the shearing 
stress in the planes of slip reaches at the limit a maximum value dependent 
on the normal stress acting in the same planes and on the properties of 
the material.” 

The latter quotation indicates that there are two considerations: first, 
ihe relationship between the shear and the normal stresses on the slip plane 
and, second, the properties of the material. 

The relative magnitude of the shear and normal stresses on any plane is 
indicated by the angle of obliquity of the resultant stress with the normal. 
lor given stress conditions, the obliquity of the resultant stress on two par- 
licular planes is greater than that of the resultant on any other plane 
(through a given point. In Fig. 7-4, the resultant stress has maximum 
obliquity on planes O,A and O,B. Whether or not these are failure planes 
depends on the second consideration, namely, the properties of the material. 





When strength in a particulate material is due to solid friction, as in 
cohesionless soils, the property of the material which governs is the friction 


angle. At failure in such a material, the anglo of obliquity of the resultant 
roaches its maxinium Value—a value equal to the friction angle. Thus, 


* Otto “Mohr, ‘Abhandlungen aue dem Gebiete der Teohninchen Mechanik, (8d od,; 
Berlin: W, Ernat u, Sohn, 1014), p. 192, 
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Fia. 7-4. Planes on which obliquity of resultant stress is a maximum. 


it can be stated that in cohesionless soil, failure will occur when the stresses 
at & given point have values such that on two of the planes throug e 
point the obliquity of the resultant stress becomes equal to the friction angle 
of the material. This condition is represented in Fig. 7-5(a). In this 


figure, the stress condition previously depicted in Fig. 7-4 is shown in 
dotted line for comparison. 





Rupture Envelope 


A line such as OA in Fig. 7-5(a) is evidently the envelope of all possible 
stress circles which might be constructed for stresses at points in a given 
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cohesionless material. It is referred to as Mohr’s enveloping curve or the 
Mohr rupture envelope. As shown in Fig. 7-5(0), it is identical with the 
shearing-strength diagrams described in Chapter 6. A stress condition 
represented by a circle extending above the envelope would be impossible, _ 


since prior to its development the material would already have failed. 


Orientation of Failure Plane 

The location of the failure plane with reference to the plane of major 
principal stress in granular soil may be established with the aid of the con- 
struction shown in Fig. 7-5(c). From this it can be seen that 


28 = 90° — @ 
B = 90° — 6 


and 
(7-8) 





7-4. Rupture Theory for Clay 

Lack of Fixed Relation Between Shear and Normal Stress at Failure. The 
development of strength in saturated specimens of true clay at constant 
water content is quite different from that in granular material. With 


suturated clays there is no fixed relationship between the normal and 


(ungential stresses on planes of shear. The tangential stress which can be 


developed in a saturated clay is a function of resistance due to cohesion, a 
property which, like viscous friction, varies with consistency and is inde- 





pendent of direct stress. When the rupture envelope is practically hori- 
zontal, as shown in Fig. 7-6, shear failure will occur on planes at 45° with 
the principal planes, and the magnitude of the shearing stress on the failure 
plane will be approximately equal to the unit cohesion, regardless of the 
value of the normal stress. 


Unconfined Compressive Strength 

From the foregoing discussion it can be seen that, unlike granular ma- 
torial, a clay specimen can develop strength in shear when the minor 
principal stress is reduced to zero and the major principal stress has a 
significant magnitude. This is the situation which exists in an unconfined 
compression test, namely, a test in which a cylindrical clay specimen without 
lateral support is subjected to axial loading. The stress circle for failure 
conditions in such a test is represented in Fig. 7-6(a). Here it can be seen 
that the major principal stress at failure is approximately equal to twice the 
unit cohesion, In unconfined compression tests, the compressive stress at 
failure on a cross-section of the specimen is termed the unconfined com- 
pressive strength of the material, This is commonly designated q,. Hence 
we may write Iq, (74), 7 
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Qu = 2c (approx.) 
c= . (approx.) (7-4) 


This term is of practical importance as an index of shearing strength, since 
the unconfined compression test is so simple to perform and requires such 
simple equipment that it is rapidly coming into general use. Results are 
often reported in terms of unconfined compressive strength, qu, rather than 
unit cohesion. 


Tension in Clays 

Clays differ from cohesionless soil not only in respect to the relation 
between shear and normal stresses on the failure plane but also in that they 
can at least temporarily resist tension. The stress circle for failure con- 
ditions in a clay specimen in pure tension would be drawn to the left of the 
origin of stress, as shown in Fig. 7-6(a). For this condition, the tensile 
stress at failure or tensile strength can be seen to have the value 


tensile strength = —2c (approx.) (7-5) 


No term for tensile strength comparable to the term unconfined compres- 
sive strength has been adopted, and tension tests on clay are performed only 
in the course of research programs. However there are conditions of 
practical interest when tension in clay formations is created during engi- 
neering operations. As in concrete, cracks develop in clay as a result of 
(ension, and it is necessary to take this into consideration. This is of 
interest chiefly in regard to the stability of unretained earth slopes and 
pressures on retaining walls with clay backfills. 


7-5. Application of Rupture Theories to Soils. In applying the above 
theory to soils, it is necessary to recognize at the outset that soil is a noniso- 
(ropic combination of matter in various states. It is not continuously 
solid or liquid, as are most other engineering materials. Thus the re- 
lutionships between stresses at a point in a soil formation may be affected 
hy, among other things, the properties of more than one material. It is also 
to be remembered that the influence of the different soil components may 
vary with time, the liquid phase often predominating initially and the 
solid phase at a later period. 

A further consideration is that in soil the stress at a point may be sig- 
nificantly affected by numerous factors other than the boundary loading. 
Asa minimum though important consideration, stress due to body force, 
which often exceeds other stresses, must be evaluated, But stresses of a 
totally different nature, such as those due to seepage forces or artesian 


ee 
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pressures, may exist independently with no relation whatever to body forces 
or applied loading. 


Stresses Due to Natural Forces 


7-6. Comparison with Applied Stresses. In comparison with materials 
like steel and concrete, soil is relatively weak in both compression and shear. 
As a result, it can support only moderate loading, and the stresses created 
by construction operations are often small in comparison with stresses due 
to body forces. Soil behavior is usually related to the extent to which 
existing stress conditions are altered, not to the net change in stress itself. 
This is particularly true of soil compression. For this reason, calculation 
of initial stresses due to natural forces is an important part of any stress 
analysis in soils engineering. This is in contrast to the requirements for 
analysis of stress in individual structural members when, for example, 
the stress due to applied loading is so great that body forces may be 
neglected. 


7-7. Stress due to Body Forces. The vertical stress at any point in a 
soil formation with a horizontal surface when only body forces are acting 
is a function of the thickness and the unit weights of the overlying materials. 
Thus an expression for vertical stress due to body forces may be written 


p= vik + yehe+:-> (7-6) 
in which 


p = vertical stress due to body forces at depth h, + hy + +++ 
V1) Y2 = unit weights of overlying formations 1, 2 - - - 
hy, hg = thicknesses of overlying formations 1, 2: - - 


In making the simple calculations required for solution of Eq. (7-6), the 
chief consideration is whether it is the total or the effective vertical stress 
which is to be determined. For a calculation of total stress the unit wet 
weight of each formation would be used. In perhaps the majority of cases, 
however, it is the effective stress which is of practical interest. This is 
particularly true of calculations made in the course of a settlement analysis. 

7-8. Effective Stress 

Stress which tends to cause compression or deformation of the solid phase 
of the soil is referred to in engineering as effective stress. In a calculation of 
effective stress due to body forces it is necessary to consider whether the 
ground water acts to increase or to decrease the weight of the solids. 

Unit Wet Weight 

As a rule, only adsorbed and capillary water are found above the phreatic 
surface. Water in these categories is considered as being supported by the 


solid phase, Thus for soil above the phreatic surface the unit. wet. weight, 





STRESS ANALYSIS 179 


would be used in a calculation of effective vertical stress. Below the phre- 
atic surface, however, the ground water is not only independent of the solid 
phase as to support; it acts to reduce the weight of solids by submergence. 
What is termed unit submerged weight would therefore be used in calculating 
the effective weight of soil beneath the ground water table. 

Unit Submerged Weight 


The unit submerged weight of soil may be defined as the submerged 


weight of solids per unit volume of soil, or 


= (Ws)sub 7-7 
Ysub = V; ( ) 
in which . 
Ysub = unit submerged weight of soil 
(W.)sub = submerged weight of solids 
V, = total soil volume (voids plus solids) 


Note that the weight of water which completely fills the voids is not in- 

cluded in this term. 2.33 
From previous definitions of terms used for index properties of soil, it is 

possible to develop the following expression for unit submerged weight: 


G-1 


m 7-8 
Ysub l+e Yw ( ) 





in which 
Ysub = unit submerged weight of soil 


G = specific gravity of solids 
e = void ratio 
Yo = unit weight of water 


I 


Typical values of unit submerged weights are given in Fig. 2-9, where 
they may be compared with values of unit wet weight and unit dry weight. 
They are of the order of magnitude of one-half the unit wet weight. 

Typical Calculations . 

To illustrate methods used for calculating the effective vertical stress in 
1, natural soil formation the following example is given. 


Example 1 


Given: Soil profile and data as shown at the left in Fig. 7-7. 
Required: Effective vertical stress at depth 2 = 30 ft. beneath the ground 
surface (center of the clay layer). 

Wor the interval above the ground water tho-wnit wot, weight is required, For 
materials below ground water the unit submerged weight is required, Note that two 
different-values of Unit submerged weight must be computed, one for the sand and 
uravel and one for the clay, Unit weight ealeulations give the following results, 
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For the interval above ground water: 


1 = Ywet = unit dry wt. + wt. of moisture per unit soil vol. 


; “2.65. 
unit dry wt., Yay, = oe X 62.4 = 97.3 lb./cu. ft. 
W../Vi = 0.08 X 97.3 = 7.8 
Ywet = 105.1 #/cu. ft. 
/ (sand and gravel) 
For the material below ground water: 
_ 1.65 
Y2 = Ysub = 7 X 62.4 = 60.5 #/cu. ft. (sand and gravel) 
1.72 
13 = Ysub = OE x 62.4 = 42.9 #/cu. ft. (clay) 


The effective vertical stress at 30 ft. depth, due to body forces, is calculated by 
means of (Eq. 7-6): 


Pe = 105.1 X 15 + 60.5 X 5 + 42.9 x 10 = 2310 #/sq. ft. Ans. 
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Fie. 7-7. Conditions for Example 1. 


7-9. Stress due to Seepage Forces 


Unit Seepage Force. _As movement of gravitational water takes place 


through soil, a drag is exerted on each solid particle as a result of viscous 
friction between the pore water and the immobilized adsorbed water films. 
The magnitude of this force is proportional to the velocity of flow, as is 
characteristic for viscous friction. This in turn may be related to the 
gradient, as explained below. 

The direction in which the force is applied to the solid particles is the 
direction in which flow occurs. In engineering works, examples may be 
found of seepage in any direction, Thus the seepage force may act verti- 
cally either to augment gravitational foree or to reduce it or may act to 
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introduce significant components of lateral stress. Except that it may act 
in any direction, seepage force is somewhat like a body force in that it is 
applied generally throughout the mass rather than at any one surface or 
at a single point. It may therefore be expressed in terms of force per unit 
of soil volume. The force per unit flow distance or unit of soil volume is 
directly proportional to the gradient. An expression for seepage force per 
unit of soil volume, or what will be termed unit seepage force, may be written 


j = Vw (7-9) 
in which 


ll 


j = unit seepage force 
2% = gradient 
Yo = unit weight of water (or other liquid) 


To determine the combined effects of seepage and body forces on the 
cffective stress due to natural forces, the unit seepage force must be added 
vectorially to the unit submerged weight, since a condition of submergence 
is implicit in the assumption of saturated flow. A condition of particular 
interest in engineering arises when flow occurs in an upward direction. 
This condition is, therefore, assumed in the following illustrative example. 


Example 2 


Given: Flow takes place upward through a soil mass in an apparatus like that 
shown in Fig. 3-6. The head at entrance is indicated by the water level 
in the manometer and at exit by the level of the tail water. The lost 
head through the soil mass is 3 ft., and the length of the flow path is 
3 ft. The soil is a cohesionless material with a void ratio, e = 0.68; 
and specific gravity, G = 2.68. 

Find: The effective vertical stress on the screen which supports the soil. 

(Neglect viscous friction and submergence effects on the screen itself.) 
The effect of body force is reflected in the unit submerged weight: 
Ysub = oa te = a xX 62.4 = 62.4 #/cu. ft. | 
The effect of seepage is indicated by the unit seepage force which depends on the 
wradient, i: For the given conditions, 


i ; = 30 @ 
v 7a Sa 1.0 


j= tw = 1 X 62.4 = 62.4 #/cu. ft. T 


From the above, it is evident that the unit submerged weight has been reduced to 
yoro by the upward seepage force. It may therefore be stated that the effective 
vertical stress on the screen is zero, Ans. , 


The above example indicates that with upward flow the seepage force 
becomes equal and opposite to the body force (reduced for effect of sub- 


we 


ae 
co|N 
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mergence) when the gradient is unity. This is general c is_a 
criterion worth remembering, but it is true only by coincidence. The 


coincidence lies in the fact that the specific gravity of soil is approximately 
2.7, the unit weight of water is 62.4 Ib. per cu. ft., and the range of void 
ratios of cohesionless soil includes values of approximately 0.7. A further 
coincidence is that regardless of its initial value the void ratio of a co- 
hesionless soil tends to approach 0.7 as upward flow takes place. Thus a 
gradient of unity has significance only when these values apply. For other 
solids and other liquids there would also be a critical gradient, but pre- 
sumably it would have a different value. 
For the conditions given in the above illustrative problem, it m e 
seen that the effective vertical pressure on any cross-section through the 
_soil specimen as well as on the screen at the bottom is zero. 


Quicksand 
.The condition created when the effective pressure between solids is 


reduced to zero is universally known as quicksand. With zero effective 


pressure the shearing strength of the soil (if it is cohesionless) is reduced to 
zero, and despite the continued presence of its solid phase the soil exhibits 
the properties of a liquid. Among these properties is the complete lack of 
capacity for supporting concentrated loads. Thus in moving from firm 
ground to a quicksand area a person or animal is given the impression of 
being pulled downward. There is no illusion, of course, about the down- 
ward pull under these conditions. It is due, however, to gravity, not to 
some property of the quicksand, for example, suction. It may be noted 
that the sand in a quicksand area is potentially as stable as any other sand 

ll that _is required to give it substantial bearing capacity ig cliiinition 
of the upward seepage force. This may usually be accomplished by drain- 


age or seepage cutoff. 

7-10. Neutral Stress. The effects described in the preceding section 
all are associated with viscous friction in water which is under motion. 
Other equally important effects may be created by soil moisture which - 
at rest. These are in general associated with pore water, in which pressures 
are either greater or less than atmospheric. Pressures in the bulk pore 
water are termed neutral pressures or neutral stress in contrast to effective 
stress, which, as previously explained, is stress acting independently in 


the solid phase.* 


"It may be noted that in analyzing seepage effects, li i i i 
given to pore pressures. Differences in ssitiiiaen eweniatiacisianel ‘aonk bos 
the practical consideration usually is rate of head logs, An important exception how- 
ever, is found in the accepted method for analyzing the effect of seepage on the stabilit 
of an unretained earth slope. As described in Chapter 8, this method involves ; 
evaluation of pore pressures along potential sliding surfaces, as. 
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Reduction in Pore Pressure 

Pressures less than atmospheric may be produced in the pore water in 
saturated soils in several ways. Capillarity is a common cause of pressure 
reduction, as previously explained. A tendency toward expansion* of soil 
volume and water intake in saturated soil may similarly reduce neutral 
pressures. The result of pore pressure reduction in saturated soil is usually 
an increase in the effective stress. The latter may lead to increased shearing 
strength and in some cases to soil compression. 

When the pressure reduction is due to capillarity the effect is to some 
extent localized at the air-water interface. In the partially saturated soil 
outside the interface, atmospheric pressure normally exists. In the satu- 
rated zone beneath, pressures are reduced in proportion to the curvature 
of the meniscus in the average pore passage. Thus it may be considered 
that a net compressive stress is applied to the soil at the interface. The 
magnitude of the compressive stress is the difference between atmospheric 
and neutral pressures. The direction of the stress is normal to the air- 
water interface, which may or may not coincide with any exposed ground 
surface. 

Approximate calculations as to magnitude of this compressive stress 
may be made by methods explained in Chapter 3. However, there is still 
the question of whether pressures in the pore water can be reduced to or 
below a value of one atmosphere. There is some evidence that in order to 
produce the same decrease in soil volume by direct loading, as occurs during 
shrinkage, a compressive stress significantly greater than 1 atm. is required 
for certain soils. Hence it may be that during shrinkage, what amounts to 
a substantial tension may be developed in the pore water. At present, 
direct experimental evidence on this point is inconclusive. 

Although it is difficult to calculate compressive stress due to pore-water 
pressure reduction, the effect may readily be observed in the development 
of what is known as apparent cohesion. Fine-grained sands and silts, 
although basically cohesionless, exhibit certain of the properties of cohesive 
materials when moist. Whereas a dry sand, for example, will not stand 
unsupported at an angle much in excess of 34°, a vertical cut in moist sand 
will stand without support for appreciable periods. This is because the 
compressive stress due to difference in pressure across the air-water mter- 
face at the surface of the sand creates an intergranular pressure which 
gives the soil temporary strength due to friction. The effect may be 











* The expansion of a dense sand due to localized pressure or shear would be an example; 
the swelling of a clay soil due to osmotic pressure between the solid particles would not, 
Expansion of a soil due to bridging action following reduction in applied pressure, on 
the other hand, would lead to reduced pore pressure, 

{If the amount of shrinkage is to be appreciable, the pressure differential across the 
monivcus must be maintained and the volume of water in the voids reduced, Both 
requirements are met when evaporation of water ooours, 
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destroyed by either completely drying or completely submerging the 
moist soil. 


Increase in Pore Pressure 

Any tendency toward reduction in soil volume* and expulsion of pore 
water in a saturated soil leads to excess pore pressures, as previously ex- 
plained. In addition, artesian pressures often must be considered. 

For the development of artesian pressure it is necessary that the water- 
bearing member of the formation be bounded by rock or soil of relatively 
low permeability so that the water is confined as in a pipe. A condition of 
this sort, which is fairly common in nature, is illustrated in Fig. 3-10. 
Similar conditions may be created during construction. Dam and reservoir 
construction is very likely to result in the creation of artesian pressures, 
in addition to the seepage effects, which perhaps are more commonly recog- 
nized. If the foundation or abutments of the dam contain pervious layers, 

LT 


as shown in Fig. 7-8, or open zones in the rock, the filling of the reservoir 
| LP 
Yj head 
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Fra. 7-8. Reduction of normal stress by artesian pressure. 


may create hydrostatic pressures of considerable magnitude in these 
aquifers. The reduction in effective stress which comes as a result may lead 
to loss of strength due to solid friction and in some cases to structural 
failure. 


Stress Increment Due to Concentrated Boundary Loading 


7-11. Point Loads 

Single Point Load. A true point load consists of a finite loading con- 
centrated on an infinitesimal area. It is evident that this condition is not 
to be expected in soil problems. However, approximations of this condition 
are found in loads imposed by individual column footings and other isolated 
foundation elements. 


*.A shearing action in almost any soil at or near its maximum void ratio tends to 
cause reduction in soil volume and increased pore pressure if the soil is saturated, as 
does compression under the weight of structures or overburden, “During volume de- 
oe due to shrinkage, however, a condition of underpressure persists, as previously 
noted, 





STRESS ANALYSIS 185 


Boussinesq Equation for Single Point Load 

The methods used for evaluating the stress increment in this case are 
based on the equations of Boussinesq.* As the title of his original treatise 
indicates, the equations were intended for use with elastic solids. Their 
application to soil may, therefore, be questioned, but experience indicates 
that the results obtained are in general agreement with the observed be- 
havior of structures. It therefore appears justifiable to follow this practice. 





Coordinates rand z for Locating Point 
at Which Stress Increment, Ap,/s 
Created by Concentrated Surface 
Load, P, According to Boussinesq 
Equation 


0.477 


Fie. 7-9. Stress increment due to point load. 
The Boussinesq equation for the increment in vertical stress due to a 


point loading applied normally to the surface of a semi-infinite solid, as 
shown in Fig. 7-9, may be written as follows: 


2 r\? 1% 
[+()] 
in which 


Ap = increment in vertical stress due to load P 
P = concentrated surface load ae 
§e depth below surface at point of load application 
(y\ =m 


radial distance at a given depth from axis of loading 


* J, Boussinesg, Application des potentiela & Vétude de Uéquilibre et du mouvement des 
volides élastiques (Paris; Gauthior-Villars, 1885), 
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This equation may be considerably simplified by introducing the term 


0.477 
N = >————__ 
[: a (“y}* (7-11) 
and writing - 
P 
Be Sas (7-12) 


- The term N is a function of the ratio of the space coordinates r and z. 
As shown in Fig. 7-10 a graph may be constructed which can be used 
instead of Eq. (7-11) to obtain values of N. An example of the use of this 
graph in solving the Boussinesq equation is given below. 
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Via, 7-10, Variation of stress factor N with (n/a). 
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Example 3 


Given: A single point load is applied to the ground surface, as illustrated in Fig. 
7-9. The magnitude of this load is 500 tons. 
Required: The vertical stress increment due to this load at a point with co- 
ordinates r = 12’, 2 = 15’. 


r/z = 12/15 = 0.8 (from Fig. 7-10), N = 0.14 


Ap = EN = 3 x 0.14 


295 0.311 tons/sq. ft. Ans. 


622 lb./sq. ft. Ans. 


Since N has been made a function of 7/z, it is shown by Eq. (7-12) 
that at points with the same r to z ratio, the vertical stress due to a given 
point load will be inversely proportional to the square of the depth. All 
the points on any straight line, whether it be vertical or sloping, emanating 
from the point of load application have coordinates which are in the same 
ratio. The stresses at any two points on such a line may be related by 
application of this principle. An example is given below. 


Example 4 
Given: A point load is applied to the surface of a semi-infinite solid. At a 
depth of 5 ft. the stress increment on the axis of loading is 500 Ib. per 
sq. ft. What is the stress increment on the axis of loading at a depth of 
8 ft.? 


2 
Ds 5 > os Mae we BOOS = = 195 lb./sq. ft. Ans. 


The above discussion indicates that the increment in vertical stress in 
« solid mass due to a point load applied at the surface varies with both 
depth and horizontal distance from the point of load application. This 
variation is represented in Fig. 7-11 for a 500 ton load.* Significant 
aspects of this variation are as follows: From Fig. 7-10 it may be seen 
that when the ratio r/z has a value in excess of 2.0, the value of N be- 
comes negligible. This is the basis for stating as an approximation that 
the stress increment is negligible at points for which r = 2z regard- 
less of the magnitude of the point load. In Fig. 7-11, a line representing 
the equation 7 = 2z has been drawn to indicate graphically this limit on 
lateral extent of significant vertical stress. 

* This is a relatively large, concentrated load, It is unlikely that it would often be 
oxcooded, Hence it may be assumed that in goneral the stresses at various points be- 


neath such a load will be no greater than those shown in Fig, 7-11 and usually will be 
lows, 
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Fig, 7-11. Vertical & horizontal variation of stress due to point load. 





For all points on the axis of loading, the ratio r/z has a value of zero. 
The corresponding value of N is the constant, 0.477 (not zero, as many 
students erroneously assume). Thus, as previously stated, the stress 
increment due to a given load varies inversely as the square of the depth 
at points on the axis of loading. At any given depth the stress is directly 
proportional to the load. Thus, it is impossible to place a limit on the 
depth within which appreciable stresses will be created by a given point 
load except in terms of the load itself. This has obvious application, for 
ncaa in determining the necessary depth for borings in a site investi- 
gation. 


Multiple Point Loads 

Procedures developed for analysis of stresses due to a single point load 
may be utilized to evaluate stresses due to several point loads by applica- 
tion of the principle of superposition. This states that the total stress 
increment at any point due to several loads is equal to the sum of the stresses 
which would be created by the various loads acting individually, or 


Ap=A Ap, + -+>> ae 
in which : pr aes a 
Ap = total stress increment 
Ap, = stress increment due to load P, 
Ap, = stress increment due to load P, 


To illustrate the procedure for calculating the stress increment when 
several point loads are acting, Example 5 is given. 
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Example 5 


Given: An elevated structure is constructed with three legs symmetrically 
located 20 ft. apart. Each leg creates a concentrated normal loading of 
50 tons. 
Required: Considering that each leg is the equivalent of a point load, find the 
vertical stress increment at a point 15 ft. directly beneath one leg. 


Inspection of the data indicates that at the point in question there will be stress 
due to the leg directly above, and since the r/z ratio for the other legs is 20/15 = 
1.33 < 2.0, they will have an effect also. The solution may be organized as follows: 


Leg r r/z N P/2 Ap 
A 0 0 0.477 444 211.8 
B 20 1.33 0.04 444 17.8 
Cc 20 1.33 0.04 444 17.8 


Ap = 247.4 lb./sq. ft. Ans. 


Stress Increment Due to Distributed Boundary Loading 


7-12. Spread Footings 

Limitations of Point Load Theory. Although for certain purposes a load 
applied to a spread footing constitutes an approximation of a point load, as 
previously stated, analysis of stress beneath a footing cannot always be 
made by direct application of the Boussinesq equation. This is particu- 
larly true for conditions when z is very small, since as z approaches zero, the 
Boussinesq equation indicates that the stress increment approaches an in- 
finite value. Because of this and other difficulties encountered in practice, a 
number of approximate methods of analyzing the stresses created by 
spread footings have been developed. 

It is very common practice to assume that the contact pressure between 
u footing and the soil is uniformly distributed and that it is equal to the 
total load divided by the area of the footing. This in itself represents an 
approximation, since the stress distribution probably varies significantly 
in many cases as a function of footing rigidity and roughness and of certain 
characteristics of the soil. However, accurate evaluation of the distribution 
of the contact pressure could rarely be justified. 

Sixty Degree Approximation 

In what is known as the siaty degree approximation it is assumed that 
the stress increment at successive depths beneath the footing is also dis- 
tributed uniformly over a finite area. At each depth the area over which 
the stress is distributed is taken as the area Ay, defined by planes descending 
from the edges of the footing area Aj, at an inclination of 60° with the hori- 
zontal, as shown in Fig. 7-12. Thus, within these limits the intensity of 


1 
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For sguare areas: 
Be 4 
dp = (Btz)? Apr 
or Ap=rApr 


where Ap,-av. stress af 
footing grade 


Ap=av. stress 
increment at 





depth z 
(rn values given below) 
Area, Az (a) 
Fie. 7-12. Sixty-degree approximation for stress due to footing. 
Values of n 
the stress increment at any depth is assumed to be equal to the total load, for sq. areas 


P, on the footing divided by the area A,. 
In applying this approximation it is convenient to consider that, as 
shown in Fig. 7-13(a), the inclination of the planes bounding the area 








0.0 

0.18 
A, is 63)4° rather than 60°. On this basis, if one dimension of the footing 0.28 
is B, the corresponding dimension of the area A, becomes simply (B + z). one 
For a square footing the area A, is (B + z)”, and the stress intensity at ae B 
depth z may be expressed as 0.68 

RB? 7-14) ad 
Ap =—=—— A — 

ak "B+ a™ 1.258 
in which ‘ 


Ap = intensity of stress increment at depth, z 
B = width of square footing 
Ap; = stress increment at footing grade 


Eq. (7-14) may be simplified by writing 


Depth,z,1n Terms of Breadth,8& 


B? 
n= (B+ 22 (7-15) 
Thus, for a square footing, 
Ap =n Apy (7-16) 


With an equation in the above form, it is convenient to express depth 
as a fraction of the footing width and to develop general values for the 
coefficient , as shown in Fig. 7-13. It will be seen from the discussion in 
semis 12 that these n values are quite convenient in settlement caleu- dp in Terms of Contact Press, Apr 
ations. 

Figure 7-14 gives a comparison of a calculation made by the 60° approxi- ( b) 
mation for given conditions and an analysis by the Boussinesq method 
considering the column load as a true point load. The stress distribution 





Kia, 7-18. Modified 60° approximation, 
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P=500 tons 










Square footing 
B,=/0', A,=/00 sq. ft, 
av. contact pressure=5tons/p 


LV (8) NJ NT 
| 4p=067 tons/t Pe 
/ aa 
ete =273! 

(Area A, =747sq. #4.) 


Fia. 7-14, Comparison of 60° approximation with Boussinesq analysis. 








indicated by the latter method is represented by curve A. Stresses beyond 
a line established by the relation r = 2z which has a slope of approximately 
30° with the horizontal are considered negligible as before. Stresses directly 
under the assumed point load are a maximum, and the stress variation 
between is nonuniform. This is in contrast to the assumption of uniform 
stress distribution implicit in the 60° approximation, which is represented 
by curve B. The extent to which the Boussinesq distribution actually 
develops under given conditions would be difficult to establish. However, 
it is generally considered that the 60° approximation is satisfactory for 
individual spread footings of relatively small area, whereas for analysis of 
stress due to loads which are distributed over mat foundations or floor slabs 
on grade, the assumption of uniform stress distribution on planes beneath 
the loaded area cannot always be justified. Other methods for use in such 
cases are described below. 


7-13. Mats and Larger Areas 

Point Load Approximation. An approximation of the effect of a uni- 
form, normal loading distributed across a finite area may be achieved 
by considering that the area is subdivided into a certain number of smaller 
areas in the center of each of which a concentrated load is applied. The 
magnitude of the concentrated load is taken as equivalent to the unit 
loading times the sub-area. This reduces the problem to one involving a 
number of point loads. 


Example 6 


Given: A normal loading of 500 Ib. per sq. ft. is distributed uniformly over a 
40 X 80 ft. area at the ground surface, 
Required: Find the vertical stress increment created by this loading at a point 
20 ft, below one corner of the loaded area, 
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Wa, 7-16. Vertioal and horizontal variation of stress due to a distributed loading, 
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The required subdivision of the area may be accomplished as shown in Fig. 
oe At the center of each 20 X 20 ft. area it is assumed that there is a concentrated 
oad, 


P = 20 X 20 X 500 = 200,000 lb. 


The radial distances from each load to the corner may be scaled. When these values 
are obtained it becomes evident that only areas 1, 5, and 6 have any appreciable 
effect on the stress at 20 ft. depth below the corner. The stress may then be cal- 
culated as follows: 


Corner: 
Area r r/z N P/2 Ap 
1 32 1.60 0.020 500 10 
5 14 0.70 0.175 500 88 
6 32 1.60 0.020 500 10 


Ap = 108 lb./sq. ft. Ans. 


A similar calculation can be made for points beneath other sections of the loaded 
area. Fora point at a 20-ft. depth directly below the center of the area, for example, 
the calculation would be as follows: 


Center: 
Ap = 4 X 0.020 * 500 = 40 
Ap = 4 X 0.175 & 500 = 350 


Ap = 390 lb./sq. ft. Ans. 


Areas 1, 4, 5, 8 
Areas 2, 3, 6, 7 


Note that even beneath the center of the loaded area the stress increment at the 


ce oe (390 lb./sq. ft.) is significantly less than the stress at the surface (500 
./sq. ft.). 


The example given above indicates that at a given level the stress in- 
crement beneath a uniform loading of limited lateral extent is nonuniform. 
This is shown in more detail in Fig. 7-16, in which the stresses below 
points on a longitudinal section through the 40 X 80 ft. structure are 
represented. Comparing Figs. 7-11 and 7-16, it will be noted that near 
the center of the loaded area the lateral variation of the stress increment at 
a given depth for uniform loading of limited extent is less pronounced than 
that for a point load. The variation of the stress increment with depth on 
the center line for the conditions in Example 6 is also shown in Fig. 7-16. 

A representation of stress variation like that shown in Fig. 7-16 is ap- 
proximately valid only when it is permissible to assume that the distributed 
surface loading acts like a number of independent vertical point loads. If 
the loading is applied by means of a relatively rigid mat, a solid pier, or a 
truss- or girder-type foundation construction, the stress distribution 
beneath may be significantly altered, 
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Newmark’s Charts 

More accurate methods of calculating stresses due to equivalent point 
loads have been developed by Newmark.* They are based on subdivision 
of the loaded area into infinitesimal units and on integration of the effects 
of the simulated point loads. The need for performing these mathematical 
operations in actual practice has been eliminated by preparation of suitable 
charts and diagrams. 


7-14, Distributed Loading, Great Extent. When the lateral extent of a 
surface loading is very great in comparison with the depth of soil beneath, 
it may be considered as virtually unlimited. An analysis of the stress due 
to such loading could be made by methods described above. However, 
upon reflection it becomes evident that the stress increment in this case is 
constant both laterally and with depth, and that it equals the intensity of 
the surface loading. An extensive filling, as for an airfield or large parking 
or Storage area, or a warehouse or industrial-type structure with large 
floor area on a soil formation of shallow depth might create such loading. 





7-15. Bulb of Pressure. From the above discussion it can be seen that 
boundary loading of limited lateral extent creates significant stresses only 
within relatively limited distances and depths. Recalling that a stress in- 
crement is significant only in relation to existing body stresses, the above 
statement applies even to a boundary loading of unlimited lateral extent. 
The zone within which the stress increment is significant is frequently re- 
ferred to as the bulb of pressure. The limits of this zone or bulb vary both 
with the intensity and distribution of the boundary loading and also with 
the nature of the soil. Thus generalizations as to the size of the bulb of 
pressure can be made or received only with caution. Nevertheless the term 
is a very common one and will be used in later chapters dealing with soil- 
hearing capacity and the settlement of structures. 


PROBLEMS 


7-2) The major and minor principal stresses at a point are 65 psi and 20 psi, 
respectively. (a) What is the value of the maximum shearing stress at the point? 
(6) What is the value of the normal stress on the plane of maximum shearing 
stress? (c) What is the value of the resultant stress on a plane at an angle of 27° 
with the plane of minor principal stress? 

7-2. The major and minor principal stresses at a point are 43 psi and 18 psi, 
respectively. What is the value of the angle between the plane of major principal 
stress and the plane on which the angle of obliquity of the resultant stress has its 
maximum value? 

7-8. The minor principal stress and the deviator stress at a point are 30 psi and 


*Nathan M, Newmark, Simplified Computation of Vertical Pressurea in Elastic 
Foundations (Bull, Univeraity of Ilinois, Vol, 83, No, 4, Sept. 24, 1985), 
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18 psi, respectively. What is the value of the normal stress on a plane at 30° with 
the plane of major principal stress? 


7-4. The minor principal stress at a point is 20 psi. If the angle of obliquity of 
the resultant stress on any plane at the point cannot exceed 36°, what is the maxi- 
mum possible value of the major principal stress? 


7-5. (a) At a given point the minor principal stress is a tension of 10 psi, and the 
major principal stress is a compression of 15 psi. Draw a freehand setts of a 
stress circle for these conditions. (6) Make a freehand sketch of a Mohr stress 
circle for stresses at a point in a soil mass when o, = 5 tons per sq. ft., and o, = 3 
tons per sq. ft. Indicate graphically the position of the plane on which the hea 
ee is a maximum, and draw vectors for the shear and normal stresses on this 
plane. 


7-6. Give a statement of Mohr’s theory of rupture. 


1. Calculations indicate that the construction of an embankment of a certain 
height will increase the principal stresses at a point in the foundation material to 
41 psi and 15 psi, respectively. If the material is sand with an angle of internal 
friction of 36°, will this cause failure at the point in question? 


7-8. In a triaxial shear test on cohesionless soil the major and minor principal 
stresses in the test specimen at failure are 6 and 2 tons per sq. ft., respectively. 
Calculate the angle of internal friction of the soil. 


7-9. The principal stresses on a triaxial shear test specimen at failure are, re- 
spectively, a, = 8 tons per sq. ft., and cz; = 2 tons per sq. ft. The material bene! 
tested is Ottawa sand. In a direct shear test under a normal load of 3 tons per 
sq. ft., what unit shearing resistance would be developed? 


(Fi0. Tho unit cohesion of a clay specimen is 1.0 ton per sq. ft. How much 
tensitestrength could such a specimen develop? 


7A. The minor principal stress and the deviator stress in a fully saturated clay 
specimen at failure are 30 psi and 20 psi, respectively. What is the unit cohesion 
of the material? 


7-12. The unconfined compressive stren i i 
gth of a clay specimen is 1 t 
ft. What is the unit cohesion? ~~ oeaney 


7-13. The overburden at a given site has a level surface and consists of a uniform 
sand and gravel formation. The average void ratio of this material is e = 0.67, and 
the specific gravity, G = 2.65. The water table stands at a depth of 10 ft. Aagunts 
ing that the water content above the phreatic surface is w = 8 percent, calculate 
the effective vertical stress at a point 30 ft. deep. 


7-14. At a certain location in a large lake the depth of water is 60 ft. The lake 
bottom consists of loosely deposited sediments with a thickness of over 100 ft. The 
ie has of the bottom material is e = 2.0, the specific gravity, @ = 2.72. Caleu- 
ate the vertical component of the effective stress at a depth of 10 ft. in th sedi 
(70 ft. below the surface of the lake). : oe 


7-16, A line of steel sheet piling is driven into a river bed to serve as a cofferdam. 
The river bed consists of silty sand and gravel to a depth of over 50 ft, The dif- 
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ference in water levels outside and inside the piling will be 15 ft. Approximately 
what is the minimum distance the piling should be driven into the river bed to pre- 
vent development of a quicksand condition? 


7-16. As water flows upward through a mass of granular soil, it is determined 
that one-tenth of the total head which is lost during flow through the entire soil 
mass is lost in the last 6 in. of flow distance. What would be the total head required 
to produce a quicksand condition in the last 6 in. of material? 


7-17. At a certain location the ground surface is level, and the first 11 ft. of soil 
is a partially saturated, silty clay formation. Beneath the clay is a layer of clean 
sand containing water under artesian pressure. The pressure in the water just 
under the clay layer is 8 psi. The unit wet weight of the clay is 131 lb. per cu. ft. 
The unit submerged weight of the sand is 60 lb. per cu. ft. Find the effective 
vertical pressure in pounds per square foot at a point in the sand layer 15 ft. below 


the ground surface. 


‘(8 Yas water flows upward through a mass of soil, 6 in. of head is lost per foot 
of distance. What is the effective unit weight of the material if its submerged 


weight in still water is 65 lb. per cu. ft.? 


7-19. (a) A concentrated point load of 100 tons is applied to the surface of a 
natural soil formation. Approximately what vertical stress will be created by this 
load at a horizontal distance of 25 ft. from the point of load application and a depth 
of 10 ft.? (6) A concentrated load is applied to the ground surface at point A. 
At a point with coordinates r = 5 ft., and z = 8 ft., the increment in the vertical 
stress due to the applied load is 800 Ib. per sq. ft. What is the increment in the 
vertical stress due to the same load at a point with coordinates r = 7.5 ft. and 
2 = 12 ft.? (c) The vertical stress increment at a depth of 8 ft. directly beneath a 
single point load is 1500 lb. per sq. ft. What is the vertical stress increment at a 


depth of 12 ft. directly beneath the load? 


7-20. The footings for a three-legged tower are at locations forming an equilateral 
triangle with 12-ft. sides. The total weight of the tower is 100 kips. What vertical 
stress increment is created by this load at a depth of 15 ft. directly below one footing? 


7-21. An elevated structure with a total weight of 1000 tons is supported on a 
tower with four legs. The legs rest on piers located at the corners of a square 
20 ft. on aside. What is the value of the vertical stress increment due to this loading 
at a point 25 ft. beneath the center of the structure? 


7-22. A square area 40 ft. X 40 ft. on the ground surface supports a uniformly 
distributed loading of 200 Ib. per sq. ft. Using the point load approximation with 
four equivalent point loads, calculate the stress increment at a depth of 15 ft. below 
the center of the loaded area. 


7-23, One bay in the drum shop of a large steel-fabricating plant is to be used for 
storage of plates, ‘The bay is 25 X 60 ft. in plan and is constructed with slab on 
grade. The proposed floor loading is 650 Ib, per sq. ft, (Note that this is an ex- 
ceptionally heavy loading: Ordinary warehouse loading is about 250 Ib. per sq.ft.) 
Calculate the depth within which the vertical stress increment below the center of 
the bay will be L00 Lb, por sq.ft, or more, 
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Sa A uniformly distributed loading of infinite lateral extent is applied to the 
surface of a natural soil formation. If the vertical stress increment created by this 
loading at a depth of 10 ft. is 800 lb. per sq. ft., what is the stress increment at a 
depth of 15 ft.? 


7-25. Using the 60° approximation, calculate the average intensity of stress cre- 
ated by a concentrated load of 100 tons on a 5 ft. square footing at a depth of 6 ft. 
beneath the footing. 





CHAPTER 8 


UNRETAINED EARTH SLOPES AND EMBANKMENTS 


8-1. Types of Slopes. Any exposed ground surface standing at an in- 
clination with the horizontal may be referred to as an unretained earth 
slope. This term is applicable whether the surface is nearly vertical or has 
only a moderate slope and whether it is a single plane, a series of planes of 
different inclinations, or simply an irregular but generally sloping area. 
The most common slopes are those formed by nature either by crustal 
movements or by processes of weathering, erosion, transportation, and 
sedimentation. Man-made slopes may be created by either excavation 
or fillmg. Examples of the former are highway or railroad cuts, canal 
banks, trenches, and foundation excavations; and of the latter, levees, 
earth dams, and the faces of embankments for roads, airfields, and railways. 


8-2. Slope Movements 

Creep or Erosion. Every slope is constantly subject to natural forces 
tending to degrade or flatten it. The alteration of the slope which re- 
sults may take place almost imperceptibly or may occur very suddenly 
in the form of a landslide. The gradual flattening of slopes which is slowly 
but constantly in progress may be due either to creep or to erosion, or to 
both. These are terms for soil movements occurring at or near the surfaces 
of slopes, where confinement of individual particles is at a minimum. Soil 
particles at the surface tend to drift downslope under the influence of 
gravitational and other forces. Except when wind currents create an active 
counterforce, as is sometimes the case in dune country, static equilibrium 
is maintained only through frictional resistance, cohesion, or other passive 
restraining influence on individual particles. Equilibrium may be dis- 
turbed either by a temporary increase of forces acting down the slope or by 
some decrease in sliding resistance. The result in either case is a down- 
slope movement, and there being no active restoring tendency, the net 
effect is a general slope-flattening marked by loss of elevation at the top 
and accumulation of material at the bottom. This flattening may be ac- 
celerated by surface wash and gulleying when erosion is a factor. 

It is difficult to establish by any analytical process the rate or probable 
extent of gradual slope movements. The factors involved are too numerous, 
too difficult of evaluation, and are active over such unpredictable periods 
of time that they make a theoretical analysis a practical impossibility. 
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When experience with a given slope indicates that it is moving to an ob- 
jectionable degree, preventive measures such as regrading, seeding, sodding, 
planting, or drainage are employed—largely on an empirical basis. The 
stabilization of slopes by such methods frequently becomes a major item 
in maintenance costs and sometimes involves heavy construction opera- 
tions. However, a further treatment of the subject is largely outside the 
scope of this text. 


—____~ffass Slides 
n contrast to the gradual processes of creep or erosion, the sudden 


movements of large earth masses commonly known as landslides are usually 
deep-seated rather than surface phenomena. When the soil which breaks 
away from the main slope moves outward, at least initially, as a relatively 
‘intact mass, the movement will be referred to herein as a mass slide. Two 
varieties of such slides are recognized, the basis for distinction being the 
nature of the movement. In one case, the sliding mass moves on a failure 
surface which in cross-section approximates a segment of a circular are. 
These are referred to as rotational slides. In other cases the seat of sliding 
is some natural plane of weakness, often horizontal or nearly so. These 
are termed translatory slides. 





Flow Slides 
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In contrast to mass slides, what are referred to as flow slides occur when _ 
the soil in the slide area first changes from a reasonably firm to an almost 








kquid condition and then flows downward and outward from its original — 


position. There are also two varieties o : 

clays are known as mud flows. Flow slides also occur in granular soils by a 
process referred to as liquefaction. Methods for determining the stability 
of an unretained slope with reference to mass slides and flow slides are 
described in following sections of this chapter. 


8-3. Slope Stability 

Relative Nature. Since no slope can be regarded as permanently 
stable, slope stability is a relative matter. There are occasions when the 
term stability is used in reference to the possibility of scour or erosion. 
As previously noted, uniform, cohesionless materials are especially ‘“un- 
stable” in this respect. However, it is more common in soils engineering 
practice to use the term in reference to the possibility of a sudden, relatively 
deep-seated slide. 


Safety Factor 
The index of stability with respect to a sudden failure is known as the 


safety factor of the slope. In the most general terms this may be defined as 
the ratio of the potential resisting forces to the forces tending to cause 


movement, us a slope which is on the verge of failure tas a actor of” 
safety of 1.0, not zero as might be imagined by the layman. (It would 
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be correct, however, to say that at failure, the reserve sliding resistance is 
reduced to zero.) From 1.0 the value of the safety factor of ordinary slopes 
may range to 1.5 or 2.0, seldom higher. Values as low as 1.1 are often con- 
sidered satisfactory for highway and railroad slopes. 


Requirements for Stability Analysis 

Stability analysis is a matter of determining the factor of safety of a 
given or proposed slope. The analysis must of course be made with refer- 
ence to the worst conditions which may develop. Seldom if ever are the 
conditions at the time of an investigation as bad as those which will develop 
later. This applies to the strength of the soil, which is the basis for calcu- 
lating resisting forces. It also applies to assumptions made as to driving 
forces. A knowledge of analytical procedures is therefore only a partial 
requirement for determining slope stability; in addition, the experience and 
judgment necessary to predict changed conditions is required. It is also 
necessary to be able to judge the type of slide most likely to occur if the soil 
becomes sufficiently weakened. A certain slope, for example, might have a 
high factor of safety against a mass slide but be weak in relation to flow 
slides. The following discussion is necessarily limited to explanation of 
analytical procedures, but the other considerations mentioned above must 
also be kept in mind. 


Rotational Slides 


8-4. Distinctive Features. A somewhat idealized concept of a rotational 
slide is illustrated in Fig. 8-1. The crosshatched area in Fig. 8-1(a) repre- 
sents a cross-section of the sliding mass. The surface on which sliding 
occurs is curved and may often be approximated in cross-section by a circu- 


lar are. The sliding tendency is created by the moment of the mass about 
the center of the are. This moment is opposed by shearing resistance 
developed along the sliding surface. When all available resistance is over- 
come, failure occurs progressively, as shown in Figs. 8-1(b) and 8-1(c). 
The above findings were among those reported by the Swedish Geo- 
technical Commission* after an investigation of a number of slides along 
the Swedish railways. As a result, the assumption of a circular failure 
surface distinguishes what is known as the Swedish circle method of analysis. 
Other types of curved failure surface have been suggested—from surfaces 
of compound curvature to spirals and other similar curves. As a rule, 
stability analyses are not too sensitive to the type of surface selected, pro- 
viding it lies generally in the weakest zone within the slope. It is probable, 
in fact, that a high degree of accuracy in defining the shape of the failure 
surface is inconsistent with other inherent features of the analysis. 








" Stateus Jarnvagars Geolekniska Commission, 1914-88 (Stockholm: Slutbetankaude 
31, Maj, 1922), 
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Fia. 8-1. Characteristics of a rotational slide. 


8-5. Analytical Procedures for Uniform Soils. An analysis is sometimes 
made of slopes which have already failed. The purpose of such an analysis 
is usually to evaluate the shearing resistance of the soil at the time of the 
slope failure. This is done by estimating the magnitude of the driving 
forces at the time (often a somewhat difficult task) and solving for the 
shearing resistance on the assumption that at failure, resisting and driving 
forces were equal (factor of safety is 1.0), It is far more common, however, 
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to perform a stability analysis for an existing or a proposed slope. In the 
latter case, it is evident that no failure surface has yet developed. The 
analysis is therefore accomplished by determining the stability or equili- 
brium of a mass of earth bounded by the surface of the slope and by an 
assumed potential failure surface below the slope having the general nature 
of those known to develop in slides. Even though there may be no danger 
of failure, these imaginary surfaces are often referred to as failure or sliding 
surfaces, the worst surface, etc. For very much simplified conditions, the 
analytical procedure would be as described below. 

Let it be assumed that the stability of an existing slope in fairly uniform 
mixed soil is to be determined. It is further assumed that, as shown in 
lig. 8-2, a potential failure surface will be circular in cross-section and will 





Fic. 8-2. Principle of slope stability analysis. 


pass through the toe of slope. The cross-section of the sliding mass is thus 
established. The mass is assumed to have unit thickness or depth perpen- 
dicular to the section. If the unit shearing strength on the sliding surface 
could be considered constant, or if an average value could be used, the 
following simple expression could then be written for the safety factor: 


_ RsLb _ RsLb 


std Wa (8-1) 





in which 


SF = safety factor 
R = radius of failure surface or moment arm of resisting forces 
s = average unit shearing strength 
L = are length of sliding surface 
b = depth perpendicular to surface (commonly unity) 
y = unit weight of soil 
A = area of sliding mass 
d = moment arm of sliding mass about the center of rotation 


W = weight of sliding mass having depth b 
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An analysis of the type described above would establish the factor of 
safety only with respect to failure or sliding on the particular surface used 
to define the sliding mass. There are innumerable surfaces to be investi- 
gated._'The one for which the computed safety factor is a minimum is of 
___principal interest. It is the objective o most stability analyses to locate 
such a potential failure surface. For example, let it be assumed that trial 
surface A, Fig. 8-3, is investigated and is found to have a factor of safety 








Fic. 8-3. Use of safety factors in locating worst circle. 


of 1.24, whereas surface B is found to have a safety factor of 1.14. To the 
right of B may possibly be other surfaces with still lower safety factors. 
However, if investigation of a surface to the right, such as C, results in 
obtaining a higher value, 1.27 for example, it can be demonstrated that the 
safety factor for surface B or for one close to it is the lowest which will be 
found. If the minimum value is as high as 1.14, there is no danger that the 
slope will fail. Nevertheless, surface B would be referred to as the potential 
failure surface or the worst circle for the given conditions. The higher 
safety factors for other surfaces have no significance except to demonstrate 
that the worst circle has been correctly located. The factor of safety of 
the slope as a whole is the minimum value, 1.14 in this case, which es- 
tablishes the relative magnitude of resisting and driving forces on the 
weakest surface in the slope. 


8-6. Failure Surface 

Rules for Locating. The surface with the lowest safety factor may be 
located by trial, as indicated above. This procedure is generally used in 
practice. For very uniform soil conditions, safety factors may be obtained 
directly from Taylor’s* charts without actually locating the failure surface 
at all. Unfortunately, slopes of sufficient magnitude to justify investigation 
and determination of soil constants are seldom constructed in or of uniform 
materials. Even when the soil is approximately uniform texturally from 
top to bottom of the slope (a rare situation) its unit weight and in many 
cases its strength will be found to vary significantly with depth as moisture 


*D, W. Taylor, “undamentals of Soil Mechanica (New York: John Wiley & 8 ’ 
(068) tp aaa. ohn ey & Sons, Ine., 
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conditions change. Furthermore, to anticipate a subsequent discussion, 
slope failures probably occur most often as a result of pore water move-_ 
ments which introduce seepage forces and other effects which cannot 
readily be evaluated in general solutions. As a result, in most practical 
stability analyses, use of the method of trial and error for locating failure 
surfaces and determining the safety factor is still a common practice. 

A few general rules for locating the worst circle in a slope stability 
analysis are as follows: For slopes as flat as 1 on 3 (18.5°), the worst circle 
has appreciable curvature and dips rather deeply into the base of the slope. 
Also, the circle may pass outside the toe of slope, as shown in Fig. 8-4(a). 
lor moderate slopes, that is, those between 1 on 2)4 (21.8°) and lion 14% 
(34.7°), the circle has somewhat less curvature and usually passes through 
the toe as shown in Fig. 8-4(b). For slopes which are appreciably steeper 
than 1 on 1% the worst circle becomes so flat that little error is introduced 
by considering it to be a plane. This is illustrated in Fig. 8-4(c). In fact, 
what is known as the Culmann method of slope stability analysis is based on 
this assumption. 

For moderate slopes in relatively uniform materials, a first approximation 
of the worst circle may be obtained by locating the center according to the 











(c) 


Via, 84. Nature of failure surfaces for various slopes, 





the angle of repose,* which for most practical purposes can be taken as the 
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Values for Locating Center 
of First Trial Circle 


° 


Telz] 


| 40°| 
°| 37°] 


° 
°° 


Os] Osjou 
njonjion 
‘| “0 









Locate centers of second and third 
trial circles to left of first center as 
shown Indicated center of worst circle 
/S Qpproximate Actual center may be 
slightly above or below the approxi- 


mate location. 
Fia. 8-5. Data for location of trial surfaces. 





Indicated location 
of worst circle 


construction illustrated in Fig. 8-5. Taking this as the first trial circle, the 
centers for circles used in successive trials will usually be found to lie on 
construction line A to the left of the first center, although this cannot be 
taken for granted. 


Angle of Repose in Granular Soils 

The above rules apply to slopes in relatively uniform materials which 
owe at least part of their strength to cohesion. Deep-seated rotational 
slides do not occur in uniform cohesionless soils unless some special con- 
dition, such as seepage, exists. The limiting slope of cohesionless soils is 





angle of internal friction of the material determined from ultimate, not 
peak strength measurements. Thus the factor of safety of a slope in 
purely cohesionless materia expressed as 










WF as tan ¢ 
tan 2, 





(8-2) 
in which 
SF = safety factor 


@ = angle of internal friction 
t, = angle of repose — cghesven (0 ) iy 


” i tic 7 
It is poor practice to use the term angle of repowe in reference to the slope at which a 
cohesive soil may stand at any given time, 
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Tension Cracks in Clay 

In clay soils it is common to observe the development of approximately 
vertical cracks in the ground surface at the top of an unretained slope. 
These cracks are roughly parallel to the top of the slope as a rule. In some 
cases, shrinkage tendencies may play a part in the occurrence of these 
cracks. However, since slides in clay or in mixed soils are most likely to 
occur when the ground is wet, it is probable that in most cases the cracks 
existing at time of slope failure are tension cracks. 

It is demonstrated in Chapter 9, Eq. (9-24), that the depth to which 
tension cracking may occur in a cohesive backfill behind a free-standing 
retaining wall can be approximated by the expression 


Aer = 2 
Y 
H., = critical height (in this case taken to indicate 
depth of tension cracks) 
c = unit cohesion 
unit weight of soil 


The conditions at the top of an unretained slope are not exactly the same 
as those in a retaining-wall backfill. However, as an approximation, 
Iq. (9-24) may be used to indicate the depth of the zone in which tension 
may occur at the top of the slope as the sliding mass tends to pull away 
from the bank. 

On this basis, the failure surface may be modified, as shown in Fig. 8-6. 


26 
oa 


Fic. 8-6. Tension cracking. 


One effect is to reduce the are length of the surface on which sliding re- 
sistance can develop. However, the weight and moment of the sliding mass 
are also reduced. Thus it is difficult to generalize about the net effect. Such 
modification of the failure surface is optional with the designer, and its 
adoption will depend on the particular conditions which exist in a given 
analysis. For preliminary studies, it is probably an unnecessary refinement 
in Most Cases, 
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8-7. Slices Method of Analysis 

Subdivision of Sliding Mass. If it is to be expected that soil conditions 
along a trial circle will be nonuniform, the adequacy of Eq. (8-1) can well 
be questioned. Instead of attempting to establish average values of 
unit weight and shearing strength, a method which permits detailed 
consideration of variation in soil conditions must be employed. What is 
known as the method of slices has been developed for this purpose. In the 
slices method, the sliding mass is subdivided into vertical sections as shown 
in Fig. 8-7, each with its base in one of the different soil types present in 





Fic. 8-7. Use of slices for stability analysis in nonuniform soil. 


the slope, and a step-by-step analysis is made of the forces acting on each 
section of the failure surface. 

The sliding mass previously referred to with unit thickness perpendicular 
to a cross-section through the slope is in itself a slice or vertical section 
of the whole mass of earth which would be involved in an actual slide. The 
forces acting on the faces of this section are neglected in an analysis of 
the type which would be made by application of Eq. (8-1). This is done on 
the assumption that adjacent sections, at least near the central part of the 
slide area, move together as a unit. This is a common assumption in 
problems of plane stress. 

When the sliding mass with unit thickness is further subdivided into 
vertical sections to form the “slices” from which the method under dis- 
cussion derives its name, it is also common to assume that forces developed 
on vertical planes between adjacent slices may be neglected. Prior to and 
even at the instant of sliding, the whole mass is considered to be still in- 
tact. Internal forces, therefore, do not affect the equilibrium of the mass 
as a whole. Thus the slices are used only for evaluating driving and re- 
sisting forces on successive sections of the exterior or potential sliding sur- 
face. 

Resolution of Body Forces 

Application of the slices method of stability analysis is illustrated in 
Vig. 8-8. In this illustration uniform soil conditions are agaumed for 
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Driving Forces Resisting Forces 





7p- tangential Ip-Tangential 
dohpansnh of total component of total 
weight acting fo weight acting to 
cause rotation resist rotation 





Shearing Resistance 
Due to Solid Friction, 


Sf, = 2ERLF EN fan $ +275 F, and Cohesion, C 


21p 
Fia. 8-8. Chief features of stability analysis by slices method. 


simplicity, although the analytical method is chiefly applied to nonuniform 
conditions. An initial step is to represent the body force or weight of each 
slice by a vector drawn vertically through the center of gravity of the area, 
This vector is then resolved into components normal and tangential to the 
sliding surface as shown in Fig. 8-8(a), ‘The normal component passing 
as it does through the assumed center of rotation of the sliding mass 
does not contribute to the tendency of the slice to move, It is therefore 
disregarded in a calculation for driving forces although it has great ime 
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portance in regard to the development of frictional resistance. Th. 
tangential component of the weight does, however, affect stabilit as it 
tends to cause movement along the sliding surface. The direction in whi h 
the tangential component acts depends on the position of the slice ith 
reference to the center of the sliding surface. Tangential Sana soteiee f 
the weight of slices to the right of the center in Fig. 8-8(a) constit ‘i 
driving forces; those for slices to the left provide resistance. ai 

Shearing Resistance 

In addition to tangential components acting to oppose motion, resistanc 
to sliding is furnished by shearing resistance on the assumed alidin surf: ; 
For a mixed soil this resistance will be due in part to cohesion aid in cues 
to solid friction, as shown in Fig. 8-8(c). The total cohesion actin a 
a given slice is simply the product of the unit cohesion of the soil in whisk 
the bottom of the slice is located, times the area of the bottom of the slic 
This is in accord with the previous finding that total cohesion or fluid 
friction is in proportion to contact area and is independent of a 
The area in this case is taken as the chord length along the sliding atte 


times the unit depth perpendicular to the section. Thus, total cohesion 


for a given slice is given by the expression 
in which ater see 
C = total cohesion 
c = unit cohesion 
L = chord length 
b = depth perpendicular to cross-section 


The resistance due to solid friction is directly proportional to the normal 





pressure on the sliding surface created by the normal component of the 


weight of the slice. In calculating the total friction it is necessary to work 

wit _ the effective normal force and to utilize the true friction angle of the 

soil in which the bottom of the slice is located. Using these values, the 
? 


i istance due to friction may be expressed as 


F=Nt 
in which oor =a 
F = total frictional resistance 
N = normal force 
¢ = friction angle 


Regardless of the position of an individual slice relative to the center of 
rotation, resisting forces due to cohesive strength and solid friction act to 
eee oo The racisten shearing resistance of the soil to movement 

ne sliding mass is therefore the sum of the cohesive ricti 
pions e and frictional forces 


} 
/ 


) | 
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Factor of Safety 
With the slices method it is considered that both the resisting and 


driving forces act along the failure surface. The factor of safety is therefore 
computed as the ratio of these forces rather than of their moments. The 


resisting forces are shearing resistance due to cohesion and friction plus 
passive resistance due to the tangential components of the body forces 
tending to resist movement. The driving forces are tangential components 
of body forces tending to cause movement. Hence an expression for the 


factor of safety may be written 


SF = ZDeLb + 2N tan @ + 2TR (8-5) 
=Tp 
in which 
SF = safety factor 
ScLb = summation of resistance due to cohesion 
DN tan @ = summation of resistance due to solid friction 

ZT x = summation of resistance due to tangential 
components of weight tending to resist 
rotation 

=Tp = summation of tangential components tending 
to cause rotation 


Illustrative Example 
An analysis by the slices method for the worst circle in a 1 on 11% slope is 


illustrated in Fig. 8-9 for relatively simple conditions. The solution is 
facilitated by utilizing a graphical representation of forces. After con- 
structing a true-scale cross-section of the slope and trial failure surface, a 
vector seale is selected for representing the weight of the individual slices 
and the normal and tangential components. Weight vectors are then 
drawn in the positions shown in the figure, the length of the vector being 
in proportion to the weight of the slice. Theoretically, the line of action 
of the weight force is through the center of gravity of each slice. For the 
slices with trapezoidal shape, very little error is introduced by assuming 
that the line of action passes through the center of the slice. For the 
triangular slices, however, it is advisable to locate and use the center of 
yravity in this construction. A radial line from the center of rotation 
through the intersection of the weight vector and the sliding surface then 
defines the line of action of the normal component, while a line through the 
bottom of the weight vector perpendicular to the radial line gives both the 
magnitude and direction of the tangential component. N and T forces 
may be evaluated by measuring the vectors obtained by this construction, 
and suitable entries may then be made in the tabular form and introduced 
in the calculations for factor of safety, The indicated construction is so 
simple that solutions for several trial circles may be made on the same work 
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sheet—especially if the construction for each circle is made with a different 
color or weight of line. 

8-8. Pore Water Effects. The above description of analytical pro- 
cedures contains no direct reference to effects produced by soil moisture, 
although it is implied that the weight of capillary and adsorbed moisture 
would be included in calculations for unit weight of the sliding mass. 
However, the pore water often plays a major role in slope stability. If 
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Tia, 810, Characterisation of a transatory slide, 
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It may be considered in this case that the sliding mass consists of a 
central block, B, and two wedges, A and P. The block, B, functions to 
some extent as a gravity-type retaining wall which provides lateral support 
for the soil to the right of the vertical face ed. Body forces acting down- 


ard on wedge A create a lateral force known as active pressure om-btock B, 
tending to initiate the translatory movement. is movement is opposed 
the passive resistance to sliding of wedge Pand by s earing resistance 
. BReatINe © 
_ along the base of the central block. 
Katong the base of the central block. 


8-10. Failure Surface. The entire failure surface consists of the inclined 
planes ac and df on which the wedges move plus the level surface cd on 
which the block moves. An analysis could be made of the driving and 
resisting forces acting along all three parts of the failure surface, utilizing 
procedures similar to those of the slices method. However, it is possible 
to calculate what is termed the active pressure created by wedge A and the 
passive resistance of wedge P by methods described in Chapter 9 without 
locating the failure planes on which these wedges move. Thus, in an 
analysis of the stability of a slope against a translatory slide, the location 
of the more or less horizontal plane of weakness on which the block moves 
is the chief consideration. 

As before, a process of trial may be required to locate the potential 
sliding surface with the lowest factor of safety. However, natural condi- 
tions control the position of this surface to a much greater extent than in 
a rotational slide in fairly uniform material. A plane of weakness may be 
created either by a soft interval in an otherwise uniform formation or by a 
weak layer in a stratified formation. In formations of the latter type, 
the weak layer may be either a soft clay stratum or a cohesionless, re- 
latively pervious sand or silt in which shearing resistance due to solid friction 
has been reduced by the development of an artesian pressure. The latter 
situation may be the most serious, since it is so likely to escape notice. 
Cohesionless soil in general is regarded as having ample strength to serve 
as a foundation for any ordinary slope. The conversion of such a material 
to one with greatly reduced strength is usually unexpected. 

Location of potential failure surfaces for translatory slides depends 
primarily on a careful subsurface investigation program in which special 
attention is devoted to the detection of soil layers which are or may later 
become weak. 

8-11. Safety Factor. As in the case of a rotational slide, the factor of 
safety of a slope against a translatory slide is established by the ratio of the 
potential resisting to the driving forces. The resistance to sliding can be 


considered to be the passive pressure at the Yoe and the shearing resistance 


along the base of the central block. The driving force is the active pressure 


¢lue to the thrust of wedge | A. Thus the safety factor is given by the 
expression of Eq. (8-6), 


4, 
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SF = in | Wines (8-6) 
in which Colecume only Yan Ww tan, LA 


SF = safety factor 
c = unit cohesion along base of block B 


L = length of base of block B 


Ursin, b = distance perpendicular to section 
Sy W = weight of section of block with depth b 
P, = resultant passive pressure on block B 


P, = resultant active pressure on block B 


The similarity of Eqs. (8-5) and (8-6) may be noted. An example of a 
block-and-wedges analysis is given below. 

8-12. Block-and-Wedges Analysis. A stability analysis by the block- 
and-wedges method is illustrated below for conditions represented in Fig. 
8-11. As explained in Chapter 9, the active and passive pressures exerted 
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fo 
37,500 + 24,400 _ 
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SF. = 58,900 105 
Fig. 8-11. Example of block-and-wedges stability analysis. 


on the central block by wedges A and P would be calculated by application 
of Eqs. (9-5) and (9-6), which for simplified conditions* are in the form 





given below. ii, 
, “p a yt? (1 = sin o) 
Cras 2 (1+ sin ¢) 
tan 


and >< 
pg, yH? (1 + sin @) 
( > 2 (1 — sin @) 
“ Horizontal ground surface and COhestontéay woll ave oxamples of simplified con- 
ditions, For other conditions seo Chapter %, 
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in which, for the conditions of this illustration, 















































8 o5_ = 
P, = resultant active pressure % = < 
P, = resultant passive pressure & = = 
y = unit soil weight ose8 
¢@ = angle of internal friction Stes 
H = vertical height of the wedge (different values for A and P) asa at “ 
Using the data given in Fig. 8-11, g25¢ ‘ S 5 
sae SS KN _ @ 
: 126 X 60? | 1 — 0.588 . 2 uve Ww 8 a 
=> —_— OU — + Ly 2 
Active pressure, Pa 9 x 1 + 0.588 58,900 Ib./linear ft. ae 2 [ase + rR z 
126 X 10? — 1 + 0.588 . 28 go) aos Sis 38 = 
Passive pressure, P, = 9 X 79.588 = 24,400 Ib./linear ft. NS ES/e2a fh we 
. VD = 5 of. w 412 3 
: cg SS| ore 2 
In this example, it is considered that the shearing resistance the 88 54 $8 = x 8 § 
base of the block is due to-cohesion only; hence it is unnecessary to calculate 2S) 5 |62s wy Ss 
the weight of the block: sé » F_WeE|G n 8 
83 285s =!2 I 5 
Dsee £]0 w ke 
S = C = cLb = 500 X 75 X 1 = 37,500 lb./linear ft. SS SEs e sl gq 4 & 
eo &e ee 3 
For the given conditions, the safety factor for a translatory slide may be Nae 38 -|ole 3 
calculated as follows: 2 SSS E\e |e q 
SF me DcLb oo P, SOeN Mm 8 
or ae S§ v v Ss = 
2H sd nt Ss ™ 2 
37,500 + 24,400 Qn Fs gs m 
goss. ee 
aes ‘ bg aes ~CDD 
There are certain conditions under which the possibility of a translatory OLVS os fs @ 
. ‘ é zs ‘ Ho ts SOSE BG Ss > 
slide exists when S is reduced to a negligible magnitude. This is most eS ES Bhs qs& # 
likely when the plane of weakness lies in a cohesionless soil layer in which _SSs8 3 
development of artesian pressure has lead to reduction in shearing strength. oe g& s os = 
Stability in such a case depends mainly on the ratio of the passive and S* - 
active pressures on the central block. When this situation exists it will e 
be seen that the safety factor is largely independent of the inclination of $ 
the slope and depends chiefly on the amount of passive pressure which is = 
available. For given geological conditions the passive pressure is signifi- nN 
cantly affected by the elevation of the ground water table, as explained in % 
Chapter 9, since submergence has an important effect on the effective unit e 
weight of the soil in wedge P at the toe of slope. 
4 Nae 
Pore Water Effects Sma 
8-13. Discussion. Water may affect the stability of an unretained slope wa 
in a number of different ways. The effective weight of the sliding mass or 





of sections of the mass may vary significantly with water content, for 
example. This in turn may influence either thé resisting or the driving 
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components of the weight or both. Aintry of water into the sliding mass or 
The developmen ore water pressures, whether greater or less than 
atmospheric, may have important effects on intergranular pressures and 
hence on strength due to solid friction. Seepage forces may act either to 
increase or to decrease stability, depending upon the direction of the flow. 
In view of these many possibilities, it is evident that efforts to make 
generalizations about the effect of pore water on slope stability are un- 
profitable. Certain effects and combinations of effects are beneficial: 
others are detrimental. The most common situations are discussed soa: 
rately below. This discussion is presented with particular reference to a 
rotational type of slope failure, since means of evaluating pore water effects 
in analyses of rotational slides are fairly well developed. The slices method 
of analysis is especially convenient for this purpose. Pore water effects in 
situations leading to translatory and other type slides can be evaluated by 
methods based on the same principles. 


8-14. Steady Seepage 

Assumed Conditions. Ags a means of illustrating the main features of 
analyses involving pore water effects, a fairly common set of conditions 
will be considered first. As represented in Fig. 8-12, a condition of steady 
seepage of ground water toward the face of a slope is assumed. A condition 
of this type can develop when the ground water is raised during periods of 
continuous heavy rainfall. It will also be assumed that the same conditions 
as to height and degree of slope and as to soil characteristics exist as were 
given in the example previously used to illustrate the slices method. The 
same potential failure surface is also used in this discussion, although the 
worst circle when seepage effects are introduced is not necessarily the same 
as that for conditions when pore water effects are absent. 


Body Forces 

A stability analysis for the assumed steady seepage condition represented 
in Fig. 8-12 would proceed, initially at least, as previously explained. If 
the slices method were used, the weight of each slice would be calculated 
and the normal and tangential components determined. However, in this 
case the weight would be taken as the total weight of soil plus water in 
each slice. It is true that below the phreatic surface or top flow line, the 
soil is submerged and its effective weight consequently reduced, ‘This will 
be taken into account Tater. For the weight-catculation in this particular 
analysis, the total weight is used, and tangential components of the total 
weight are evaluated as before. 


Cohesion 
The calculation of available shearing resistance in this case also begins 
as previously explained, at least insofar as resistance due to cohesion is 
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concerned. Perhaps the only difference arising here is that the unit cohesion 
for this case may not be the same as it was when there was no such con- 
dition of saturation. Especially near the face and the toe of the slope, 
cohesion is lik e reduced by seepage to the point where the soil 
becomes a wet, soggy mass with little or no stability, whereas previously it 
may have been firm and strong. One difficulty in reaching conclusions as 
to pore water effects is that such changes as these in soil characteristics 
must be considered as well as changes in conditions of saturation. 


Effective Normal Pressure 

The normal pressure across the sliding surface at all points beneath the 
top flow line under these conditions is in part intergranular pressure and 
in part hydrostatic pressure. The difference between the total normal 
pressure and the pore water pressure is known as the effective normal 
pressure. Below the phreatic surface the effective normal pressure is less 
than it would be in a dry or partially saturated soil. Thus the strength of 
a granular or mixed soil would be proportionately less. The strength of a 
true clay, however, would not be materially affected. When the strength 
of the soil will be affected by variation in normal pressure, it becomes 
necessary to determine the variation of pore pressures along the failure 


surface. 





Pore Water Pressure Evaluation 

It is in connection with problems like this that flow net construction, 
which was described in Chapter 3, is sometimes necessary. However, 
for determining pore water pressures it is not essential that flow nets be 
constructed with perfect squares. In fact for this particular problem all 
that is required is location of the top flow line and a relatively few but 
strategically located equipotential lines. 

The position of the top flow line for relatively simple conditions can 
often be approximated from field observations. For example, the point at 
which seepage outcrops on the face of the slope can generally be seen and 
if the seepage condition exists for any length of time, the location of the 
top flow line can very roughly be established from the water levels in 
observation wells installed on a line perpendicular to the slope. It may be 
observed that the position of the top flow line must be established not 
only for pore pressure but also for the previously mentioned total weight 
determinations. 

When the position of the top flow line is established, equipotential lines 
can be drawn utilizing the principle that these are lines which intersect 
all flow lines, including the top flow line, at right angles. The equipotential 
lines of particular interest in this problem are those which can be used 
to determine the pore pressure variation across the base of each slice. 
For uniform soil conditions, an approximation of an equipotential line cap 
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be constructed by locating a point, a, on the top flow line such that a 
straight line passing through 6 will intersect the tangent to the top flow 
line at a at right angles. Assuming that this is a reasonable approximation 
of an equipotential line, it follows that in a manometer or standpipe con- 
nected at point b, the water would rise to the level of point a. Thus the 
pressure head at 6 may be taken as the difference in elevation between 
points aand b. By repeating this construction at other points, the pressure 
head on the base of each slice may be determined. 

It is convenient in a stability analysis to represent pore pressures on 
the sliding surface by means of a complete backwater pressure diagram 
drawn as shown in Fig. 8-12. This is accomplished by representing pressure 
in terms of head by vectors drawn to scale in a direction perpendicular to the 
sliding surface. The average pore pressure on the base of any slice can 
then be computed as a function of the average pressure head, and the re- 
sultant hydrostatic pressure computed as the average pressure times the 
area of the base of the slice. 

Effect on Stability 

When the total hydrostatic pressure on the base of each slice has been 
determined as explained above, the effective normal pressure and the avail- 
able frictional resistance may be calculated as shown in Fig. 8-12. When 


ae frictional resistance is red and possibly cohesion as well, and when 
driving forces due to tangential components of weight_are increased by 


“saturation of the sliding tases he factor of safety of the slope will be re- 


duced, sometimes considerably. For conditions assumed in the illustrative 


problem (neglecting possible changes in cohesion) the safety factor for the 
steady seepage case, for example, is 1.0+, as contrasted with a factor of 
1.14 for the same slope prior to saturation. 

8-15. Drawdown. Drawdown is the lowering of the water level against 
a bank, as in a canal or reservoir. If the water stands for some time against 
an earth slope, the soil becomes saturated. If drawdown then occurs, the 
pore water begins to drain from the bank. This leads to a seepage condition 
which, although very similar to that described above, may temporarily 
create greater reduction in slope stability largely because a greater portion 
of the slope is saturated. 

The effect of drawdown on slope stability varies appreciably with op- 
portunity for drainage at the base. As shown in Fig. 8-13(a), if the base is 
quite impervious, seepage from the bank occurs in an approximately 
horizontal direction, which is quite unfavorable to stability. On the other 
hand, if the base material is pervious, opportunity for drainage in a down- 
ward direction is provided, as shown in Fig, 8 13(b). This condition is 
much more favorable with respect to slope stability. 

8-16, Artesian Pressure. Artesian pressure in relatively pervious soil 
layers can also be a cause of reduction in intergranular pressures, ‘This 
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Fia. 8-13. Drawdown. 


may lead to a translatory slide. Whenever the possibility of the sales 
ment of such pressures exists in granular soil layers near the pa 0 : 
slope, an analysis should be made using appropriately reduced values o 
strength due to friction in these layers. 


Flow Slides 


8-17. Mud Flows. A flow slide in a soil which in respect to behavior is 
predominantly a clay is sometimes referred to as a mud flow. Such soil 
may contain numerous stones or rock fragments, or it may be almost en- 


tirely free of stones. 
Tt bak been theorized that the loss of strength which leads to such slides 


may be due to at least two different causes. One is a softening of the se 
or a reduction in unit cohesion caused by a significant increase in water 
content. The other is loss of strength due to shearing strain or te 
structural disturbance, which presumably may (uke place with the 
any change in water content. ‘The latter ia considered possible in sensitive 
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clays or in mixed soils in which the coarser particles initially form a single- 
grain structure which bridges over the clay filling in the voids. In either 
case, stability analysis is extremely difficult, since it depends so much on 
predictions as to probable changes in natural conditions. 

Mud flows appear to be more of a problem in undisturbed ground than in 
embankments constructed with due attention to selection and compaction 
of fill material. Therefore only the former are considered in the discussion 
below. 

When the stability of a natural slope in a clay soil becomes a matter 
of engineering importance, a basic consideration is whether or not the 
slope is located in an area where slides of this type are common. A study 
of air photographs* of the region is very valuable in this connection. When 
an important engineering construction is planned, the failure to make 
such a study or its equivalent in terms of an extensive ground reconnaisance 
amounts almost to negligence. If it is found that slides are common, almost 
every slope in the area, regardless of its inclination, must be suspected of 
instability unless remedial measures are taken. 

It is assumed that many mud flows are due mainly to intake of water 
by the clay soil rather than structural disturbance. Although the saturated 
permeability of a clay soil is extremely low, there are many ways in which 
water may enter a large clay mass at different times of the year. When 
the clay rests on bedrock at fairly shallow depth, the weathered rock zone 
serves to some extent as an aquifer which can conduct water under pressure 
from higher elevations to the base of the sliding clay mass, where it may 
either create a local condition of weakness or work upward into the clay. 
During dry periods, shrinkage cracks extending downward from the surface 
are formed in the clay, sometimes to considerable depths. It is generally 
believed that once formed, these cracks may later serve as water passages, 

even though at the ground surface they appear to close during wet periods. 
Further, many clays contain seams of sand or silt. which may assist in 
distributing water throughout the mass. 


8-18. Liquefaction of Cohesionless Soil. The possibility of a flow slide 
in cohesionless soil is considered to exist only when liquefaction of the 
material can occur. As explained in Chapter 6, the-necessary-conditions 
for liquefaction are that the soil be fully saturated and in a relatively loose 
condition and that it be subjected to shock, vibration, or shearing strain— 
which tends to cause reduction in soil volume. Under these conditions, 
with no change in the external loading, a significant change in intergranular 
and neutral stresses may occur. 
For practical purposes, it is usually considered that regardless of its 
inclination, any unretained slope in a cohesionless soil at a void ratio greater 


* Por an authoritative discussion of this subject see Ta Liang, “Landslides—An Aerial 
Photographic Study” (Ph.D, thesis, Cornell University, 1952), ‘ 
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than the critical void ratio, may be considered potentially unstable if it 
becomes fully saturated. Such slopes are sometimes found in levees and 
earth dams, especially those constructed by hydraulic filling, and in the 
natural sand slopes of certain beaches, sandbars, or other loosely deposited, 
water-bearing granular materials. 


Stabilizing Measures 


8-19. Preliminary Investigation. If evidence is obtained from observa- 
tion or analysis that the safety factor of a slope for given conditions is too 
low, the engineer is usually required to recommend measures which can be 
undertaken to improve slope stabilty—‘The-provedures described below 
have been used for this purpose. It may be noted that no one method is 
appropriate or effective in all cases. Before an intelligent recommendation 
can be made, a careful investigation of soil and ground water conditions is 
advisable to establish the chief cause of instability and the best means of 
correcting it. 

8-20. Drainage. Unless there is a notably weak soil condition in the 
slope or its foundation, the chances are that a demonstrated lack of slope 
stability is due to_pore water or its effects. Ifso, the most effective remedy 
is usually drainage.” Before recommending drainage, however, it must be 
‘shown that practical means of providing for it can be devised. 

For drainage of excavations, methods which require pumping are com- 
monly used, but for permanent stabilization of slopes a means of providing 
for gravity flow is usually necessary. Intercepting drains, ranging from 
ordinary farm-tile installations to more elaborate forms of drain and filter 
construction, as shown in Fig. 8-14(a), are appropriate. Horizontal well 
points and other similar forms of drains have been installed in the faces of 
highway and other cuts.* For relief of artesian pressures, vertical well 
points and seepage wells have been used successfully. 

Stabilization of areas in which mud flows must be anticipated should be 
approached more with the purpose of preventing the entry of water into 
the soil than of providing drainage for excess water which has already 
accumulated. Essentials are interception of both surface and subsurface 
flow at the upper side of the area and provision of cover over the entire 
area to prevent downward percolation of water into the mass from the 
surface. 

For conditions represented in Fig. 8-14(b), an intercepting drain is shown 
as extending into the weathered rock zone which has been found to function 
as an aquifer, A diversion ditch is also provided to intercept surface water. 
The surface cover which is shown in the figure consists of heavy mulching 


"J. I. Newby, “Cuts Stabilized by Drilling Horivontal Drains on Lookout Point 
Reservoir Relocation Work,” Civil Lngineering (Oct,, 1068), p, 689. 
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and planting to reduce the shrinkage tendencies of the clay. In conjunction 
with this treatment, careful grading of the area is required to provide 
positive runoff from all points. In addition, the installation of farm tile 
roughly paralleling the contours is desirable to intercept any water movin 

through cracks in the upper sections of the profile. ‘ 


. ; Stabilized 
Original seepage line s/ope 








o- 
ple) oD AZ 
—_— y 





ne SIS 


i 


Stabilization of Slope Subject to Fail 
by Rotational ‘Slidle ee 


(a) 


Area to be stabilized Intercepting 
drain 


¢ 








! 
4 Weathered 
rock zone 


Stabilization of Slope Subject 
to Failure by Mua Flow 


(6) 


Fig. 8-14. Methods of slope stabilization. 


8-21. Slope-Flattening. With certain important exceptions, slope- 
flattening is a recognized method of increasing the stability of both cuts” 
and- : : cment_ slopes. ~A combination of slope modification and pro- 
vision of drainage is possible in a number of cases. Suc ) 2] 
illustrated in Fig. 8-14(a). ser dian 
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resistance along the base of the central block becomes very small, the sta~ 
bility of the slope becomes almost entirely a function of vertical height 
rather than steepness. This is because the resistance to sliding under these 
conditions is due primarily to the passive resistance of the wedge at the 
toe of slope—a factor which is not affected by the inclination of the slope. 
The driving force, being due to active pressure of the wedge on the other 
side of the block, is likewise independent of the inclination of the slope but 
dependent on height. Under these conditions, simple slope-flattening is 
relatively ineffective as a means of increasing stability. Construction of a 
toe fill may be effective, however; and when the plane of weakness is due 
to excess pore pressure, the provision of drainage relief wells is very de- 
sirable. 


8-22. Foundation Improvement. Procedures intended to provide an 
increase in slope stability through improvement in strength of the founda- 
tion are obviously suitable only for embankments. 


Consolidation 

Weak clay formations across which an embankment must be constructed 
can be strengthened by consolidation under the weight of the embankment 
material, providing the construction is carried out in stages. When it is 
possible to improve the opportunity for relief of hydrostatic excess pressure 
by installation of drainage, such as vertical sand drains, the consolidation 
process can be accelerated. 

Consolidation of weak foundations is sometimes undertaken primarily to 
minimize or eliminate residual settlement. For this purpose, it is necessary 
to provide a surcharge loading. This means that the embankment must be 
temporarily constructed to an elevation appreciably higher than will 
ultimately be required. After a suitable period the excess material is re- 
moved. Settlement under the reduced loading is then expected to be 
inappreciable. 

Consolidation undertaken to improve the strength of the foundation 
need not involve surcharge loading. In fact, surcharge loading for this 
purpose would be inadvisable in most cases. 


Compaction 

It is considered that embankment foundations containing formations of 
loose granular soil which are or may become fully saturated are subject to 
failure through liquefaction. The remedy is to increase the density of the 
loose material by compaction. Methods for the compaction of granular 
materials are described in Chapter 14. Surface layers and layers of fill 
used for embankment construction may be compacted by vibratory rollers 
and tampers. Existing formations of granular material may be compacted 
to depths of over 50 ft, by a process known as vibroflotation and by a special 
blasting technique, 
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Theoretically, the compaction necessary to eliminate the danger of flow 
slides in granular soil is based on the requirement of decreasing the void 
ratio to a value less than the critical void ratio. In the absence of laborator 
testing and analysis, it is usually safe to assume that the critical void eae 
is reached at a relative density of approximately 50 percent. Thus com- 
span to 60 percent relative density, which generally can be accomplished 
: : ae effort, is a reasonably good specification for this particular 

ee with Select Fill 

n some cases it is practicable to excavate weak i 
embankment foundation and to backfill with oar ae 
ditions are such that at least the major part of such an pperation can bs 
done by hydraulic dredging, this procedure is often competitive with 
vertical sand-drain construction and surcharge loading. 

When analysis indicates that excessively flat embankment slopes would 
be required to prevent the failure of a weak foundation material, and when 
excavation and replacement with select fill seems impractical if is some- 
times feasible to construct the fill with relatively steep side sl es and t 
use the fill to displace* a certain amount of the weak sae” Meaa 
tively, a fill can be constructed to partial height, after which explosives 
placed in the foundation by jetting or boring through the fill can be used t 
displace the weak material by blasting. 1 


Earth Dams and Levees 


8-23. Special Function. Earth dams and levees are embankments con- 
structed for the special purpose of creating reservoirs or confining stream 
flows. They must meet all the requirements of ordinary embankments as 
to stability and must also be capable of performing their special function 
pinned and safely. The effect of these requirements on design is 
sips ieee Briefly, some of the more important considerations are 
While all dams are built to create reservoirs in which water (sometimes 
industrial wastes) may be impounded, they differ significantly in water- 
tightness requirements. Reservoirs intended for permanent storage of 
sufficient water to meet the needs of water supply systems, for eaionaon of 
hydroelectric power, or for regulation of streams for navigation must be so 
constructed that seepage will be reduced to a practical minimum Tose of 
water from reservoirs such as those for flood control purposes which aa 
intended only for short-term storage, and seepage through levees aisha 
only to short duration, flash floods, may be relatively unimportant oral 


"B. K. “Stabili 4 ) fons,” 
9, 1840, ough, “Stability of Embankment Moundations,” Proc, ASCH, Sept, 1937, 
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viding always that seepage, if it occurs, will in no way threaten the stability 
of any part of the construction. Thus the provision of highly effective 
seepage barriers may be very important in some dams but much less im- 
portant in others, whereas security from the possible effects of seepage must 
be provided in all.* 

Seepage may threaten the stability of a dam embankment in several ways. 
Water passing through the embankment itself and outcropping on the 
downstream face may cause sloughing at the toe and gradual failure of the 
slope. Seepage passing beneath the embankment and emerging just below 
the dam may create an unstable, quicksand condition, which could con- 
ceivably lead to piping or undermining of the embankment. Finally, once 
an embankment is fully saturated by seepage, rapid drawdown of water 
on the upstream side may lead to sloughing or even a deep-seated rotational- 
type failure of the upstream slope. 

8-24, Embankment Design. In view of these many possibilities, it is 
common practice to construct a dam embankment with a number of distinct 
subdivisions, each with a separate function. As shown in Fig. 8-15 
centrel section of TelRGively IMpETVIOS male a: 
minimize seepage. This section, usually termed the core, may be connected 





with a cutoff trench in the foundation, which is also filled with impervious 
material. In some cases the core contains a concrete cutoff wall, and in the 
foundation, a cutoff wall or sheet piling may be extended to considerable 
depths. 

On both the upstream and downstream slopes, pervious material is 
placed in what are known as the shell sections of the embankment. The 
downstream shell provides security against outcrop of seepage on the down- 
stream slope, while the upstream shell furnishes protection against the 
effects of rapid drawdown. An intermediate grade of material in what are 
known as transition sections is customarily placed between the core and 
the shell sections. This material functions like a filter, preventing desilting 
or lateral movement of fines from the core. In addition a rock-filled section 
at the downstream toe is often added to protect against the effects of under- 
seepage, and riprap is placed on the upstream face as a protection against 
wave wash. ee pe 7 

The above features of an earth dam are briefly described to indicate the 
extent to which earth-dam design may differ from design of an ordinary 
embankment. A full explanation of their functioning and criteria for 
design is beyond the scope of this text. Comments on certain practical 


“Por seepage to develop through an embankment, water must stand against the 
waterside face for appreciable periods of time, ‘Thus certain flood-control structures 
and many levees might conceivably be built without provision of safeguards against 
seepage, With earth dams, however, it is the practice to assume that whatever its 
original purpose, the structure may someday be converted to use for permanent water 


alorage, 
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Fic, 8-15. Chief features of embankments for earth dams, 


considerations involved in earth-dam design and construction are considered 
appropriate, however. 

It is evident that the construction of an embankment like that illustrated 
in Fig. 8-15(a) requires far more care in selection of fill materials than 
would be necessary for an ordinary embankment. Three distinct types 





hae material—pervious, transition, and impervious—plus rock and filter 


material for toe drains and riprap are required for construction of the main 
embankment. Requirements for these different materials affect the initial 
site investigation, the preparation of contract plans and specifications 
selection of methods and equipment for earth-moving and compaction and 
the provision of adequate means for inspection and acceptance of the werk 
With all these factors to consider, it is important to know that the design 
requirements are considerably more flexible than Fig. 8-15(a) may indicate 
and that it is possible to adapt a design to the conditions of a site." In 


"B, K. OTM aad Y : Y PVdew ' 
ton, 1660) an tb 7 itting Rolled Harth Dams to Local Materials,” Civil Lngineering 
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fact, designs which are not so adapted, although they may result in an 
effective and stable structure, often lead to unnecessary costs of very con- 
siderable magnitude. 

Two principles are involved in developing an economic design: make 
maximum use of materials from required excavations, and minimize the 
size of embankment sections which must be constructed of select materials. 
The latter objective is accomplished by reducing the shell, transition, and 
core sections to the minimum size required for their proper functioning and 
by providing a so-called random section in which may be placed material of 
either a pervious or an impervious nature. An embankment cross-section 
designed on this basis is illustrated in Fig. 8-15(b). 

Further information on a number of factors involved in site investigation 
and construction operations, supplementing the above brief discussion, 
is given* in Chapters 14 and 15. 


PROBLEMS 


8-1. An unretained earth slope stands at an inclination of 45° (1 on 1 slope). The 
average unit shearing strength of the soil is 0.2 tons per sq. ft. The weight of the 
sliding mass bounded by a potential failure surface is 43,000 lb. per foot of depth 
perpendicular to the cross-section. The radius of the circular failure surface is 30 ft. 
and the are length 50 ft. Calculate the factor of safety of the slope with respect to a 
rotational mass slide if the moment arm of the weight vector about the center of 
rotation is 10 ft. 


8-2. An unretained earth slope has a factor of safety of 1.2 against a rotational 
type of mass slide. The soil in a section of the slope bounded by the “worst” circle 
and the ground surface and having a thickness of 1 ft. longitudinally, has a moment 
of 630,000 ft.-Ib. about the center of rotation. If the are length of the “worst” 
circle is 45 ft., and its radius is 27 ft., find the average value of the potential unit 
shearing resistance in pounds per square foot. 

8-3. Two expressions for factor of safety have been proposed for use in a stability 
analysis by the slices method, namely: 


_ ZeLb + =N tan @ 
= (1) 
gp = Lele + =N tang + 2Te (2) 
2Tp 


Develop proof that one expression will give consistently higher values than the 
other. 

-£)An unretained earth bank has a height of 20 ft, and stands on a 1-on-244 
Sloper t a depth of 6 ft, below the ground at the toe of the slope, there is a hori- 


* Seo aluo Guy JeansMarie Le Moigne, “The Determination of Pore-Pressures in Barth 
Dame” (Master's thoala, Cornell University, 1957), 
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zontal stratum of soft clay having a zero friction angle and an unconfined com- 
pressive strength of 0.1 ton per sq. ft. Above this weak layer the soil is cohesionless 
and has a unit wet weight of 120 lb. per cu. ft. and a friction angle of 36°. Calcu- 
late the factor of safety of the slope with respect to a translatory slide. 


(sz 2 
Nee er does saturation of a slope with gravitational water affect shearing 
strength (a) due to cohesion, (b) due to solid friction? 


8-6. How does saturation of a slope with capillary water affect shearing strength 
due to solid friction? 


8-7. What elements of a flow net are required to determine pore water pressure 
at a point in the soil beneath the phreatic surface? 


\ 8-8. What distinguishes a flow slide from a mass slide? 


8-9. Why is a pervious shell section considered necessary on the upstream face 
of an earth dam? 


wv 


CHAPTER 9 


LATERAL EARTH PRESSURE AND RETAINING WALLS 


9-1. Lateral Earth Pressure. When it becomes necessary to construct a 
fill or to make a cut in soil with such a steep face that an unretained slope 
would be unstable, the soil must be laterally supported by some structural 
element such as a permanent retaining wall or temporary installation of 
sheeting. The pressure between the earth and these essentially vertical 
structural elements is referred to as lateral earth pressure. Its evaluation 
is a prerequisite for design and stability analysis of retaining structures of 
all types. 

Both in magnitude and distribution, lateral earth pressure varies sig- 
nificantly with the nature of the soil. As is the case in many other dis- 
cussions, pressures due to cohesionless and cohesive soils are considered in 
separate sections of this chapter. 


9-2. Retaining-Wall Construction. Some of the chief features of re- 
taining-wall construction are illustrated in Fig. 9-1. When a retaining wall 
is to be used to provide lateral support for a cut face in an existing soil 
formation, the natural ground must first be cut back, as shown in Fig. 
9-1(b), to provide room for construction of the wall. The unretained slope 
which is formed for construction purposes is usually much steeper than 
would be permitted in any permanent work and is often only temporarily 
stable. It represents a calculated risk taken by the contractor to reduce 
construction costs. The wall is then constructed in the clear. After the 
wall has been completed and enough time has elapsed for the concrete to 
cure, the space behind the wall is filled with earth, as shown in Fig. 9-1 (c). 
The material placed behind the wall is commonly termed back/ill. In fact, 
the term backfill is sometimes applied generally to all the soil behind the 
wall, even to material which has not actually been removed and replaced. 

9-3. Types of Retaining Walls 

Free-standing Walls. Free-standing retaining walls are frequently 
built of mass concrete. A number of such walls are illustrated in Fig. 
9-2(a). The chief distinction between them is in the slope, or batter, 
of the outer and inner faces. The outer face is usually vertical, as shown 
at the left in Fig. 9-2(a), when the wall is built on or near a property line. 
At least a slight batter is desirable for the backface so that the backfill 
creates a downward tangential force on the wall, which is of value in respect 
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Jemporary 
construction 





(a) 





Fig. 9-1. Significant features of retaining-wall construction. 


to stability. When there are no property line or functional considerations, 
it is desirable for improvement of wall stability to make the outer face 
sloping, as shown at the right in Fig. 9-2(a). With such a wall, the outer 
edge of the base is referred to as the toe, the inner edge as the heel. , 

A considerable saving can often be made in the quantity of concrete 
required for a wall of given height if reinforced cantilever construction is 
used. A number of such walls, variously referred to as tee or el walls, 
are illustrated in Fig. 9-2(b). With such walls, the soil between the stem 
and a vertical line rising from the inner toe of the base is assumed to function 
essentially as part of the wall. 

Braced Walls 

Sheeting, as is illustrated in Fig. 9-3, not only differs from permanent 
walls in being temporary but also in regard to construction. By one means 
or another, sheeting and the linings of pits or shafts are placed as the 
excavation proceeds, with little if any removal and replacement of the soil 
which is to be supported. It will be shown that this and the fact that 
sheeting is usually held in position by cross-bracing or shoring is important 
in regard to development of lateral earth pressure. 

9-4. Anchorages. Various types of flat surfaces, as shown in Fig. 9-4(a) 
may be embedded in the ground and used as anchorages for tie rods, guys, 
or cables, These surfaces, instead of retaining a mass of soil, are pulled 
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Fia. 9-2. Free-standing retaining walls. 
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(c) 


Fie. 9-3. Braced walls and sheeting. _ 


planes of principal stress. This does not provide a complete basis for 
analysis, since in a semi-infinite mass it is seldom possible, at least upon 
inspection, to determine which are the planes of major and which are planes 
of minor principal stress. However, with the above information, at least 
the limiting stress conditions can be established. 

At a particular point, such as point a in Fig. 9-5(a), the vertical stress, 
which will be designated p,, has the value given in Nq. (9-1). 
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Fie. 9-4. Anchorages and surfaces to resist lateral thrust. 


Po = yh (9-1) 
in which 
Pv = vertical stress due to body forces 
Y = unit weight of soil 
h = depth of point below surface 


‘This vertical stress may be represented in a Mohr stress diagram con- 
structed as shown in Fig. 9-5(b). The rupture envelope of the soil may also 
be drawn in the diagram if the friction angle is known. 

If the vertical stress is assumed to be one of the principal stresses, the 
horizontal is the other principal stress, with a value in the range between 
the limiting stresses p. and p, which are established by the indicated 
stress circle construction. These limiting stress values will be referred to 
us active and passive stresses, respectively. 

Relationships between the vertical stress and the active and passive 
stress values may be established as follows from the geometry of the stress 
diagram: 


Active stress: 


bes e (>, afi BBs) sin ¢ 


Pv — Pa = (Pat pv) sin @ 
Padind + pa ™ py ™ py wind 
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TRISIRTIRVES : 
Semi-infinife®: jee (9-4) 
mass, cohesion We EEE ela ot 2 1 — sing 
OSS 20H tn gp 5 ES eo 
es ‘oy eee Stress-Strain Relations 
: (a) ° Aen Variation of lateral stress between the active and passive values given 


above can be brought about only through lateral strains or movements 
within the soil mass. Specifically, if the soil to the left of point a in Fig. 

9) 5(a) is moved an infinitesimal distance away from the point while th y from the point while the 
vertical stress remains constant, the lateral pressure at a will gradually 
decrease to the value ps. It ia evident that for these conditions, pei Se _ 
minor and p, the major principal stress. If the soil to the leit ornare ; 
«is forced to move in the opposite direction, the lateral stress will gradually _ 
increase until the value pp is reached. For these conditions, py is the minor 
and p, the major principal stress. 

Lateral pressure values which are intermediate between pa and p, are 
entirely possible. In fact, in a natural soil formation it is perhaps more 
likely that an intermediate rather than a limiting stress condition exists. 
‘The lateral pressure under these conditions is termed pressure at rest. 








Venitnls oe ee. j Opportunity for Strain Due to Wall Movement 
Imiting Lateral Stress Conditions, Cohesion/ess Soi! If the soil to the left of the vertical plane in Fig. 9-5(a) could be removed 
(6) and replaced with a retaining wall without disturbance of the remaining 
soil, as shown in Fig. 9-5(c), wall movement toward or away from the soil 
could produce the strains necessary to cause the above described variation 
in lateral stress. Even with an actual retaining wall, the construction of 
whieh involves excavation and backfilling, the development of lateral 
earth pressure is considered to be related to wall movement in the manner 
described above. 


Experimental Verification of Effect of Wall Movement 

The effect of wall movement on lateral pressure developed in granular 
material was investigated experimentally by Terzaghi* with an unusually 
large model. As illustrated in Fig. 9-6(a), the apparatus consisted of a 
large bin with a movable end section. By filling the bin with sand, lateral 
pressure could be developed against the end section as against a wall. 
This simulated wall was so constructed that it could be held in a fixed 
position or moved toward or away from the filling in the bin. In any 
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Fic. 9-5. Relation of lateral to vertical stress, cohesionless soil. 


—_  1l-—sing position the pressure against the wall could be measured. 
Pe ee + sin ¢ (9-2) Data on variation of lateral pressure for these conditions is represented 
Substituting Eq. (9-1), in Fig. 9-6(b). From an “at-rest’’ value developed in the initial position 
1 — sing of the wall, the lateral pressure was found to reduce to the active value as 
ean 1 + sin ¢ (9-3) the wall moved outward and to increase to the passive value as the wall was 


ee , forced against the backfill substantially in accordance with theory. 
By a similar procedure the following expression for the passive stress value 


may be developed, *K, Torsaghi, “Large Retaining Wall Toasts,” Bngineering Newa Reoord, Bopt. 20, 


1982; Feb, 1, Feb, 22, Mar, 8, Mar, 20, Apr, 10, 1084, 





238 BASIC SOILS ENGINEERING 


Passive 
pressure 








Movable wa// 


Force on wal// 


Outward 

eS 
Earth 

Active at fo 

pressure 


IE 
' 
' 
| 
' 
i: 
i]- 
| 
' 
1 
if 
| 
. 
| 





Sealing. —— Out ward O nweard—+} 
es 7ca/ eC 107 Wa// Movemen 


Through Bin 
9. (not to scale) 


Fic. 9-6. Results of Terzaghi retaining-wall tests. 


3-6. Rankine Equations for Lateral Earth Pressure 

Variation of Lateral Pressure with Depth. Eqs. (9-3) and (9-4) indicat, 
that lateral earth pressure varies directly with depth in granular soil e For 
a given wall height, H, pressure distribution diagrams are shown a Fi , 
9-7(a) for active and passive pressure under the simplified wondtiis 
which have so far been discussed. Also shown is an assumption about th 
distribution of earth pressure at rest. : Pee ia 


ech agnitude, Direction, and Point of Application of Resultant 
e total lateral force exerted by the soil against a wall is the resultant 


of bi meoe from top to base of wall. For the two limiting pressure 
conditions the following equations may, therefore, be written 


Active pressure case: 


p,22 1 — sing 


2° 1 ain} (9-5) 


Passive pressure case: 





yH? 1+ sing 


P, = 
2 2 1-—sing 


. (9-6) 
in which 

= resultant active earth pressure 

resultant passive earth pressure 

= unit soil weight 

height of wall 

= angle of internal friction 
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(6) 


Fic. 9-7. Lateral pressure distribution on retaining wall. 


It is believed that equations in this form were first proposed by Rankine, 
and in consequence they are widely known as the Rankine equations for 
lateral earth pressure. 

The derivation of these equations for the case of the horizontal backfill 
surface is based on the assumption that the vertical and lateral pressures 
are principal stresses and that only lateral strains in the backfill are in- 
volved.* Thus it must be considered that the lateral pressure acts ina 
horizontal direction regardless of the inclination of the back of the wall. 
If the back of the wall actually slopes, as shown in Fig. 9-7(0), it is assumed 
that the lateral pressure acts horizontally on a vertical plane in the backfill 
and the wedge of earth with weight W, acts as part of the wall. A further 
consequence of the basic assumptions is that the resultant acts at a distance 
of one-third the wall height above the base of the wall. 

Effect of Sloping Backfill Surface 

The foregoing derivation was developed for the special case of a level 
backfill in order to simplify the presentation of the basic principles. The 
general case involves a sloping backfill, as shown in Fig, 9-8(a), The analy- 


* Por assumptions relating to vertical strains, aoe Section 9-7, Sliding Wedge Theory, 
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(c) 


Fic. 9-8. Lateral pressure due to sloping backfill. 


sis for this case is based on establishing the relationship between the vertical 
stress and the stress components which are parallel to the slope. It can be 
shown that rather than being principal stresses, these are what are known 
as conjugate stresses. Known relationships between conjugate stresses lead 
to the following expressions for the resultant lateral earth pressure on a wall 
of height H. 


Active pressure case: 
Passive pressure case: oe d 
Be YH? og ¢ C8 Lt Vcos' i = cos? p 


03 1 —$$—— <= — 
cos i — V cos’ d — cos* > Pe 


(9-7) 
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in which 
P, = active pressure resultant 
P, = passive pressure resultant 
y = unit soil weight 
H = wali height 
7 = inclination of backfill slope 


¢@ = angle of internal friction 


The pressure distribution on a vertical face with a sloping backfill sur- 
face is assumed to be as shown in Fig. 9-8(b). The stress components 
acting parallel to the slope of the backfill are considered to vary uniformly 
with depth. In consequence, the resultant is assumed to be parallel to the 
slope and to act at a distance of one-third the wall height above the base. 
When the back of the wall is sloping, the analysis is handled as indicated in 
lig. 9-8(c). 

9-7. Sliding-Wedge Theory. Analysis of lateral earth pressure can 
also be made by methods very like those used for investigation of the sta- 
bility of unretained earth slopes. In the preceding chapter it was shown 
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Retaining! 


wa// A. 
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Kia, 9-9, Slidingewodge concept, 
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that the stability of a slope against a rotational failure depends on the equi- 
librium of a mass of soil bounded by the slope and an internal surface of 
failure. If the slope is stable, the sliding mass is in equilibrium under the 
weight force, W, and the resultant of the stresses on the failure surface, 
as shown in Fig. 9-9(a). If all available shearing resistance is fully de- 
veloped in maintaining stability of a given slope, a steeper slope will not 
be stable unless an additional force acting on the sliding mass can be intro- 
duced. 

The backfill behind a retaining wall may be considered as a bank of 
earth with a slope which is so steep that without support from the wall it 
would be unstable. With sufficient wall movement a failure surface in the 





Fic. 9-10. Active and passive pressure developed by sliding wedge. 





backfill will therefore be developed. The face of the bank in contact with and normal stresses on the wall and is not directly related to the inclination — 
the wall being steeper. than the face of an unretained slope, such a failure of the backfill surface as it is in the Rankine analysis. 
surface will be more nearly a plane than a curved surface, as shown in The other limiting condition is reached as the wall is forced toward the 
Fig. 9-9(b). Thus the mass of earth in the backfill which tends to slide backfill and sufficient movement occurs so that a failure plane develops 
as wall movement occurs is referred to as a sliding wedge. The equilibrium and the sliding wedge moves upward. As shown in Fig. 9-10(b), under 
of the wedge is affected by the weight force, W; the resultant of the stresses these conditions the tangential stresses due to shearing resistance on the 
on the failure plane, R; and by the additional force P, which can be seen surfaces of the wedge act in the opposite direction. The line of action of 
to be the resultant of the stresses at the face of the wall in contact with the the resultant force is affected accordingly. 
soil. Thus, the total lateral earth pressure on the wall can be evaluated Methods for Graphical Analysis 
in terms of the force P required to maintain the equilibrium of the sliding The location of the failure plane in the backfill for the active pressure 
Wenee fOr given ConaTCIns condition may be accomplished in a manner similar to that used for location 
Vertical as Well as Lateral Strains of the worst surface in an unretained earth slope. In the case of the un- 
A distinctive feature of the sliding-wedge theory is the concept that with retained slope, successive analyses are made to locate the surface having the 
wall movement there will be vertical as well as horizontal components of lowest factor of safety. This principle could be applied in a retaining 
movement in the backfill material. As the wall yields, the wedge tends to wall problem, except that it is known in advance (with granular soil, 
move downward, and in cases where the wall is forced against the soil, the especially) that without support from the wall, the sliding wedge would 
wedge slides upward along the failure plane. Differential movement in- be unstable. The trial process is therefore conducted with the objective 
volving vertical strains between the backfill and the wall creates a tan- of locating a plane bounding a wedge which requires a maximum of support 
gential stress on the back of the wall due to solid friction or adhesion or by the wall when all shearing resistance to downward movement of the 
both. The resultant lateral pressure is therefore inclined even when the wedge is fully developed. : a 
backfill surface is horizontal. It is chiefly in this respect that results ob- Upon first consideration there may be a difficulty in reconciling the 
tained by a sliding-wedge analysis differ from those of the Rankine theory. concept of a wedge requiring a maximum of support with the concept 
There are two conditions of particular interest. One is the active case that active earth pressure is the least of the lateral earth pressure values 
which developjis the wall moves away from the backfill and the sliding which ean be expected to develop against a supporting stry *ture. There is 
wedge tends to follow it by moving downward and outward. This move- actually no basic conflict. When the true failure plane has been located, 
ment of the wedge leads to development of shearing resistance on the failure the force required to maintain the equilibrium of the wedge which it 
plane and frictional resistance on the back of the wall. As such resistance bounds is the active pressure value. Solutions for other trial failure sur- 
builds up, the force P required for equilibrium reaches a minimum value, faces which indicate the need for a lesser force have significance only as an 
namely, P., the active earth pressure. This situation is represented in indication that these are not true failure surfaces, pil. 
Fig. 9-10(a). It will be noted that in this analysis the direction of P, is For simplified conditions, location of the failure plane by trial is scarcely 


considered to be a function of the relative magnitudes of the tangential necessary, It is evident that the failure plane is the locus of a series of 
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points at each of which failure conditions have been reached.* It is known 
that failure will occur in a cohesionless material when the stresses at a 
point are such that on one plane through the point, the obliquity of the 
resultant becomes equal to the friction angle of the material. The orien- 
tation of this plane with the plane of major principal stress is given by 


Eq. (7-38): 


g=45° 4% 
5° + 3 
For the active pressure Case, the horizontal is the plane of major principal 
stress; for the passive, it is the vertical (for simplified conditions). Thus 
for the active case the failure surface may be assumed to be a plane rising 
from the inner toe at an angle (45° + ¢/2) with the horizontal. For the 
passive case the inclination of the failure plane would be (45° — ¢/2) with 
as abort a the location of the failure plane is established, the 
shding wedge is defined and the resultant forces which i 
pare which act upon it may be 
An analysis for the active case would proceed in the following manner. 
ir forces acting on the wedge may be represented by the vectors W, R, 
and P., as shown in Fig. 9-11(a). For purposes of this analysis it is 





(6) 


Fie. 9-11. Graphical analysis for lateral pressure, sliding-wedge method. 


necessary to know only the magnitude and direction of these forces. The 
magnitude of W is obtained by calculating the weight of a slice of earth 
having the triangular shape described above and unit thickness “The 
magnitude of the forces R and P, is initially unknown, but their divectisns 
are established by the requirement that they act at a certain obliquits 
The obliquity of R may be taken as ¢. The obliquity of P. will be equal to 
the ee ee This ingle cannct coeinneeaiene 
this would lead to slippage of earth on earth along a plane parallel to and 
a short distance behind the wall. It is sometimes arbitrarily taken as about 


bees, ; 
s er = development of a continuous failure plane, it must be assumed that because 
Of lateral strain, failure conditions are reached generally at all points in the sliding wedge 
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24 $—possibly because at the wall little or no opportunity exists for the 
development of strength due to interlocking. It will be assumed herein 
that the true friction angle of soil at ultimate shearing strength will be 
developed at the back of the wall. 

With the above information a force polygon, by which the magnitude of 
the lateral earth pressure resultant may be determined, may be constructed 
as shown in Fig. 9-11(b). A vector representing the weight of the wedge 
is first constructed in a vertical position with the length of the vector drawn 
to an arbitrary force scale. Through the lower end of the weight vector a 
line is drawn in an upward direction parallel to the known direction of R. 
Through the upper end of the weight vector a line is drawn in a direction 
parallel to that of P.. The intersection of these two lines defines the length 
of the vectors representing R and P, and makes it possible to determine 
their magnitude. A solution for the total passive pressure would be made 
by the same basic procedure, the only difference being the inclination of the 
failure plane bounding the wedge and the line of action of the resultant 
forces, R and Py». 


Comparison with Results from Rankine Analysis 
Analysis by the sliding-wedge method provides a means of evaluating 


the effect of wall friction, a factor which is not considered in the Rankine ~ 


the magnitude of the resultant force, but, especially when there is a hori- 
zontal backfill, they are significantly different as to the direction of the 
resultant force on the wall. This is quite important with respect to the 
stability of the wall itself, as will be shown later. The sliding-wedge method 
vives no direct information on the pressure distribution on the back of the 
wall. When this method is used, however, it is customary to assume that 
for cohesionless soil the resultant acts at the lower third point on the wall 
as in the Rankine analysis. 


9-8. Surcharge Loading. Loading imposed on the backfill is commonly 
referred to as a surcharge. _ It ‘may be either live or dead loading and may 
he distributed or concentrated. Any loading of this nature which is applied 
to the backfill* within a relatively short distance from the wall adds to the 
weight of the mass of earth which the wall must support and therefore 
increases the magnitude of the lateral earth pressure. It also affects the 
pressure distribution, usually in such a way that the line of action of the 


” While considerations of the magnitude and distribution of pressure on the wall due 
to surcharge are important, as indicated by the discussion presented in this section, it 
must always be remembered that retaining wall backfills are often relatively loose and 
uncompacted, On this account alone, without consideration of the effect on the wall, it 
may be unwise to place any appreciable loading on the backfill, ‘This applies partiou- 
larly to the construction of any structural foundation element on a backfill, Very ofyon 
when a foundation must be located near a wall, it Is considered necos#ary to support it 
on piling driven through the backfill to original ground beneath, 
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resultant is raised. The added loading can usually be introduced in a 
sliding-wedge analysis and the effect on the lateral pressure determined by 
graphical methods. There are also a number of typical conditions of sur- 


charge loading which can be analyzed by modifications of the Rankine 
equations. 


Uniformly Distributed Surcharge 

When a uniformly distributed surcharge is applied to the backfill, as 
shown in Fig. 9-12(a), the vertical pressures at all depths in the backfill 
are increased equally. Without the surcharge the vertical pressure at any 
depth would be yh. When a surcharge with an intensity of Ap is added, the 
vertical pressures become yh + for this particular form of surcharge. 
Utilising ihe proviony TC lta between stresses at a point, 
it may be shown therefore that for the active case, the lateral pressure on 
the back of the wall at any depth, h, is given by the expression 


oe oes 
Pa = (yh + Ap) pane (9-9) 





As shown in Fig. 9-12(a), the pressure distribution for this case is trape- 
zoidal rather than triangular. At the top of the wall the lateral pressure 
for the active case is 

1— sing 


Pa = a + sin ¢ (9-10) 


At the bottom of the wall the lateral pressure is 


1 — sing 


Pi ET ONG ag 


(9-11) 


Thus an expression for the total resultant pressure for the active case may 
be developed as follows: 


= = 1 (E+ 20) 1 — sing 


2 1+ sin ¢ 
or 
— fx 1 — sing z 
Pee ( + Hap) Sin ie (9-12) 


The total resultant pressure under these conditions may be considered as 
being made up of two parts, one representing the effect of backfill alone, 
the other the effect of the surcharge. Pressure due to the backfill alone is 
given by the expression 


— V1 = sind R 
Pi 2 1+ wing (9-18) 








LATERAL PRESSURE AND RETAINING WALLS 


ee 
oe 


/-sin ¢ 






Uniformly distributed 
surcharge 


3 

PS) 

a 

Nog c 

B® rit 

BS + 
<< — 

ra x 
3 S 

€ 

Ss 


Passive Pressure Case 


Fic. 9-12. Effect of uniformly distributed surcharge on lateral pressure. 
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This resultant acts at the distance H/3 above the base of the wall. Pressure 
due to the surcharge alone is given by the expression 
~ 1 — sing 


a (9-14) 


This resultant acts at mid-height on the wall. 

In analyzing the stability of the wall, the effect of these two resultants 
may be considered separately if desired. If it is preferred to deal with 
the total resultant only, it may be shown for either the active or passive 


case that the line of action of P is at a distance y above the base, which is 
given by the following expression: 


_ H (yH + 3Ap) 
3 (yH + 2Ap) 


The development of the above equation in the Rankine manner carries 
the implication that there are horizontal strains only and that the direction 
of the resultant will be parallel to the ground surface. With a horizontal 
backfill surface and vertical wall, the resultant would be normal to the 
wall and wall friction would be ignored. It is entirely justifiable to in- 
troduce wall friction in the analysis, however, if desired. 

Line Loading 

When a@ concentrated loading is applied to the backfill along a line 
parallel to the top of the wall, as shown in Fig. 9-13(a), the effect is as 


y (9-15) 





For Active Case: 
= ZH? (I-sin ¢ 
AES fang 
Py=L tan (45-F) 
4 =F,+P2 


= HRt(2H-x) Py 
- 3P 


Iffect of line loading on lateral pressure, 


Fia, 9-18, 
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though the weight of the sliding wedge were increased. The lateral pressure 
on the wall would be proportionately increased under these conditions. The 
location of the failure plane which bounds the sliding wedge would actually 
be affected by application of this form of surcharge. However, if the load- 
ing is applied at a point between the wall and the normal position of the 
failure plane, the following approximation may be written: 








P_W+L 
Pi W 
or i 
P= P(1 + wr) (9-16) 
in which 


P = resultant lateral pressure due to combined effects 
of backfill and surcharge 

P, = resultant lateral pressure due to backfill alone 

L = magnitude of line loading per unit length of wall 

W = weight of sliding wedge per unit length of wall 


Assuming that the failure plane for the active case has a slope of (45° + 
/2) with the horizontal, the weight of the wedge per unit length of wall 


may be written 
2 
w= tan (15° = $) 


17 
; (9-17) 


and if there are only lateral strains in the backfill, the resultant lateral 
pressure due to backfill alone will be, as in Eq. (9-13), 


P _ yH#? 1 — sing 
1 SF 1+ sind 


For the active pressure case, substitution in Eq. (9-16) gives the result 


nse ee] 1 tan (45 - $) 
This equation may be simplified by use of the identity 


o\ _1-—sing 
tan’ (45 x ‘) ~ 1+ sin ¢ 





(9-19) 


Thus 
yi tan {45 — $ + L 
ylT* 2 2 


o sa 
P = — tan? (45 — ‘) —— 
2 2 we tan (1s _ ‘) 
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os _ o\| ri? _¢ 
= tan (45 5) 2 tan (45 9) + | 
_ vt 1 = sin ¢ _¢ : 
a: eae + L tan (4 2) (9-20) 


Eq. (9-20) indicates that the resultant lateral pressure is made up of 
two parts which may be referred to as 





P, = ue ios and P. = L tan (45 = 5) 
in which 
P, = resultant of pressure due to backfill alone 
P, = resultant of pressure due to surcharge 
or P,=P,+P, 


The distribution of backfill pressure is triangular, as shown in Fig. 
9-13(6). To this pressure must be added the pressure due to the surcharge. 
From the Boussinesq analysis for point loading it was found that vertical 
stresses are not materially increased by concentrated loads at points for 
which r 2 2z. On this basis it may be assumed that the concentrated line 
loading does not affect lateral pressures on the wall above a line from the 
point of load application at approximately 30° with the horizontal as 
shown in Fig. 9-13(b). In other words, if the point of load application is at 
a distance a from the ee of 
a/2 from the surface of the backfill. Thus the lateral pressure due to the 
surcharge must be distributed within the distance H — x/2 measured from 
the bottom of the wall. Construction of the pressure diagram abc gives an 
approximation of this distribution. 

The lateral pressure, P:, due to backfill only, acts at a distance H /3 
above the base of the wall. The pressure, P2, due to the surcharge acts at 


2(H 5 x/2) Be 2H — 


a distance : above the base of the wall. The total 


resultant pressure due to the combined loads P; and P» therefore acts at a 
distance y above the base, which is given by the expression 


_ HP, + (2H — 2)P, 


Backfills Containing Clay 


9-9. Theoretical Pressure Values for Clay 

Principal Stress Relationships. Vertical and lateral stress relations in 
cohesive soil may be developed with reference to the Mohr stress diagram 
shown in Fig. 9-14(a). In this case the stress relationships are established 
in terms of unit cohesion rather than the friction angle, it being assumed 





ground surface 
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that the clay has sheari i 
eh y has shearing strength due only to cohesion. _For the active 


<q aren | oO Pa = Py — 2c = yh — 2¢ 7 (9-22) 





and for the passive case 


Pp = Pv + 2c = yh + 2c (9-23) 

Critical Height 

The theoretical variation of lateral stress with 
Eq. (9-22) is shown at the left in Fig. 9-14(b). eh jin ere 
values of pa will be negative in the depth interval from h = 0 a = we 
and that at the latter depth p. = 0. If wall movement (or clay shrinka s 
occurred in such a way as to develop the indicated tension, it is to » 
expected that a crack would open between the soil and the wall The 
chief practical implication is that to a certain height a bank of clay with a 
approximately vertical face may be expected to stand without lateral 
support except as its long-term stability is affected by matters discussed 
in a following section. The height referred to above is termed th ti l 
height and may be expressed as ee 


te (9-24) 


Active Pressure 

If a retaining wall is constructed to a height which exceeds H,,. and if 
an active pressure condition develops—that is, if the wall moves or i moved 
away from the backfill—it is to be assumed that the situation represented 
in the right of Fig. 9-14(b) will develop. To the critical depth the ol 
either will leave the wall or, at least, will exert no significant lateral a 
Thus, so far as active pressure is concerned, it could be assumed that the 
top of the wall is at depth H,, and that the soil above acts as a uniforml 
distributed surcharge. The lateral pressure at depth H., nevertheless is 
eres indicated by Eq. (9-22). From Fig. 9-14(b) it can be seen that hd 
ay a ‘i — on the lower section of the wall would be com- 


Py = = Helod = 2) 
GB) 
- (2-2) -7)3 


R[R 
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The point of application of the resultant pressure on the wall is at a 
distance, y, above the base, computed as follows: 
_ H— 2c/y _H _ 2c 
Sg a a (9-26) 
Passive Pressure 
The pressure variation given by Eq. (9-23) for the passive case is illus- 
trated in Fig. 9-14(c). The total passive pressure would have the value 


FT? 
P, = * + 2H (9-27) 


The total passive pressure may be considered as the sum of the two com- 
ponents P, and P., which act separately at different points on the wall, 
as shown in Fig. 9-14(c), or the resultant may be considered to act at a 
distance, y, above the base given by the expression 
. A (yl + ce} 
Y= 3 GH + 4c) si 


When c is large, the variation of passive pressure with depth is sometimes 
neglected and it is assumed* that the distribution diagram is rectangular 
with the resultant at one-half the wall height. 


Adhesion at Wall 

As in the derivation of the Rankine equations for pressure due to a co- 
hesionless backfill, no consideration has been given above to the possible 
development of tangential stresses between the backfill and the wall. 
With a clay backfill such stresses will develop as _a res adhesion be- 
tween the clay and the wall wherever the tio are in contact. The resultant 
pressure will therefore have an obliquity with the normal even though the 
friction angle of the soil is zero. For a clay soil, however, the obliquity of 
the resultant has no fixed value but depends on the unit adhesion—a soil 
characteristic which, like unit cohesion, varies with consistency and is in- 
dependent of normal pressure. When it is desired to consider the effect of 
adhesion in a lateral pressure analysis, the magnitude of the total adhesion 
may be calculated as the product of unit adhesion (assume equal to unit 
cohesion) and the vertical height of contact (assume H — H.,. for the 
active case, H for the passive case). The theoretical values given above for 
the resultant lateral pressure may be assumed to be the normal component 
and the force due to adhesion as the tangential component of the resultant 
lateral earth pressure. 

9-10. Practical Limitations of Theoretical Expressions 

Significance of Yielding Nature of Clay. It would appear from Eq. 
(9-25) that the active pressure exerted by a clay backfill on a wall of given 


*'This assumption is made, for example, in developing the general equation for the 
ultimate bearing enpacity of spread footings on clay soil, 
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height is significantly less than that which would be created by a eohesion- 
less backfill and that in consequence a lighter wall would be required. 
Experience indicates that this is not the case. Consideration of the nature 
of shearing strength due to cohesion suggests an explanation. 

As previously explained, strength due to cohesion in many respects 
resembles shearing strength due to viscous friction. The effect of wall 
movement, previously noted as the key to the magnitude of lateral pressure, 
is considerably modified when the backfill contains such material. With 
an ideal fluid (in which even viscous friction is lacking) lateral pressure 
would be entirely unaffected by wall movement, for example. 

It is the development of shearing resistance which occurs with wall 
movement in soil which causes reduction in lateral pressure. After a 
certain movement has taken place in a cohesionless material, for example, 
the full shearing resistance is developed and thereafter remains constant 
even though movement ceases. Thus an initial yielding of a retaining wall 
with a cohesionless backfill is sufficient to develop the shearing resistance 
and to reduce the lateral pressure to the active value. To some extent the 
development of resistance due to cohesion requires a continuing movement, 
however. Conversely, without steady movement, resistance due to co- 
hesion decreases and lateral pressure increases. The implication of Eq. 
(9-25) that active pressure due to a cohesive backfill is less than that for 
a granular backfill is valid only so long as resistance due to cohesion is 
maintained. 


Requirements for Permanent Construction 

Since it is obviously impractical to plan on a continuing wall movement 
in permanent construction, it is considered advisable to discount cohesion 
as a source of shearing resistance in a clay backfill.* If reliance upon co- 
hesion is minimized, the active pressure due to a clay backfill approaches 
that which would be created by a fluid having the same weight as the clay, 
as Eq. (9-24) indicates. In other words, if a wall is to be built so that it 
will not deflect or move with a clay backfill, it should be designed to resist 
the pressure of a heavy liquid and consequently must be far heavier and 
stronger than a wall designed for a cohesionless backfill. 


Temporary Construction 

The above considerations of wall movement do not apply or at least have 
less effect in temporary construction. It is therefore justifiable to consider 
that temporary cuts to the critical depth in clay do not require sheeting 
and that temporary cuts to somewhat greater depths require only relatively 
light sheeting in their lower sections. With temporary cuts, however, 

* Some reliance upon cohesion in maintaining the stability of an earth slope may be 


Justified on the basis that very gradual movements may continue for years without 
serious consequences. 
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seasonal variations in the cohesive strength of clay soils may be an im- 
portant factor. 

9-11. Mixed Soils. As an expedient, it is a fairly common practice to 
utilize the Rankine equations for lateral earth pressure as a means of 
estimating pressure in mixed soil. In such an application the cohesive 
strength of the mixed soil is entirely disregarded and only the internal 
friction angle of the soil is considered. The proper friction angle to use 
in this case would be the angle developed in quick, undrained tests. With 
this procedure it will be found that the more cohesive the soil, the lower will 
be the friction angle and the more nearly the lateral pressure will approach 
the value for a backfill consisting of a heavy liquid. 


Equivalent-Fluid Theory 


9-12. Concept of Fluid Pressure. The principal stress relationships dis- 
cussed above indicate that lateral pitanres vacy divest wie depth in 
either cohesionless or cohesive soil except when the backfill-supports~a 
surcharge loading. This reflects a hydrostatic-pressure distribution, and 
it may therefore be considered that the lateral pressure is due to a fluid 
of unit weight such that the total pressure for the soil and the so-called 
equivalent fluid are the same. The unit weight of the equivalent fluid for 
cohesionless soil may be calculated as follows by means of the Rankine 
equations. For the resultant lateral force, write 


Pao ve (9-29) 





in which 
P = resultant lateral force 


H = vertical height of wall 
yw = unit weight of equivalent fluid 


lor the active pressure case 
1 — sing 
y= 1 9-30 
Yw ¥ 1+ sin @¢ ( ) 
For the passive pressure case 


1+ sin ¢ 
a Ym ia nc 9-31 
Yw YT —sin¢g (9-31) 


9-13. Tabulation of Values. Conservative estimates of the angle of 
internal friction at ultimate shearing strength for granular backfill materials 
range from about 28 to 36°. The actual unit weight of these materials in a 
dry or moist condition ranges from about 90 to 115 or 120 Ib, per cu. ft. 
Substituting these values in Eq. (9-30) gives a range of approximately 
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25 to 40 lb. per cu. ft. as the unit weight of the equivalent fluid for active 
pressure due to cohesionless soils. Similar calculations may be made for 
other types of soils and for passive pressures. For mixed soils containing 
clay, the calculation neglects cohesion and utilizes only the lower friction 
angles characteristic of these materials. For true clays, no shearing strength 
whatever is recognized and the backfill is regarded as a heavy liquid. A 
listing of values of unit weight of equivalent fluid for various soil types is 
given in Fig. 9-15. 


; Friction] Density | Unit Soil Unit Wt. of Equivalent 
Classification |Angle ¢ or Weight, -? Fluid, yj, (1b./cu. ft.), 


(deg.) |Consistency](1b./cu. ft.) i 
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Fig. 9415. Typical values of unit weights, equivalent fluid. 
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9-14. Use in Design. With properly selected values of unit weight of 
equivalent fluid, lateral pressure values for earth backfills for simplified 
conditions may be determined as accurately by the equivalent-fluid method 
as by use of the Rankine equations. The simplicity of calculations made in 
this way is such that this method is widely used in practice in preference to 
the Rankine method, and this practice is reflected in many standard speci- 
fications.* However, like the Rankine equations, the equivalent-fluid 

* For example, Standard Specificati ; dae . 5 : 
Association es Highway Gace per lek allan el Ber epee 
retain fills shall be proportioned to withstand prossure as given by Rankine’s formula, 


provided, however, that no structure shall be designed for less than an equi i 
pressure of 80 Ibs, per eu,ft,”” Se 


LATERAL PRESSURE AND RETAINING WALLS 257 


method does not take into account wall friction or adhesion. For this 
latter purpose an analysis by the sliding-wedge method is essential. 

It is also the case that applications of the equivalent-fluid method or 
adaptations thereof may give difficulty when used in connection with situ- 
ations involving surcharge loading or other special conditions, such as 
backfill saturation, which is discussed below. 


Changes in Backfill Condition 


9-15. Backfill Saturation. A retaining-wall backfill is often exposed and 
relatively vulnerable to saturation either by infiltration of surface water 
or by seepage. Saturation by capillary rise from the ground water table 
is also a possibility in fine-grained soil. Although, as explained later, 
cfforts are usually made to provide drainage in order to prevent saturation 
or minimize its effects, the possibility of saturation must be considered and 
in some cases evaluated. 


Saturation by Gravitational Water 

Saturation of the backfill by gravitational water is one of several possible 
conditions. An extreme case, illustrated in Fig. 9-16(a), is complete 
saturation or submergence of the fill with the ground water standing at 
the level of the backfill surface. Under these conditions, the water is 
capable of creating a pressure on the wall which is independent of the lateral 
earth pressure. In fact, under these conditions the water pressure alone 
would be the same as though there were no backfill at all. In addition to 
the pore water pressure, there is lateral pressure due to the soil. In this 
case the soil pressure is a function of the submerged unit weight of soil. 
If the soil pressure is calculated by the Rankine or other equation based 
on principal-stress relationships, both the water pressure and the soil 
pressure will act horizontally with hydrostatic distribution, as shown in 
lig. 9-16(a). It may therefore be considered that the total pressure is the 
sum of the two. For the active case 


IP? HP? (1 — sing) _ > ( 1— sing 





D> See. TO! Lael enter tets Se aeree = 
Pa = 3 Yw + 9 Yur G+ sin o) 9 Yw + Ysub 7 sin (9-32) 
It is evident that for these conditions the lateral pressure may readily 
be computed by the equivalent-fluid method. The unit weight of the equiv- 
alent fluid in this case would be 


a (I —_sin ¢) si 
Yu = Yo arn Youb a bo sin ) (9 33) 


Substitution of appropriate values in this expression indicates that the 
unit weight would be roughly 80 Ib, per cu, ft, The difference between this 
value and values for ordinary backfills (25 to 40 Ib, per cu, ft.) is far greater 


. 
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Fic. 9-16. Effect of backfill saturation on lateral pressure. 


than the difference between the unit wet weight of fully and partially 
saturated backfill material, which may vary by only a few percent. The 
essential consideration is not the quantity of the water in the backfill and 
its contribution to the total weight of the fill but the condition of the water, 
specifically, whether it is held in the soil by capillarity or whether it is free 
water, capable of exerting an independent lateral pressure. A change of 
only a few percent in the degree of saturation may change the condition 
and double or even treble the total lateral pressure against the wall. 


Saturation by Capillary Water 
When the water is held in the backfill by capillarity, as shown in Fig, 
9-16(b), with the phreatic surface at or below the base of the wall, several 
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effects are produced. Perhaps the most obvious is that the effective unit 
weight of the soil is increased by the weight of the pore water. However, 
the full effect on the development of lateral earth pressure may not be 
immediately apparent. When a mass of soil is saturated by capillarity 
and exposed to the atmosphere, it is possible, as explained in Chapter 3, 
that a condition of underpressure will develop in the pore water. Thus, 
as shown in Fig. 9-16(b), a net pressure may be created not only on the 
ground surface but also on the vertical face of the soil behind the wall. 
This may considerably reduce or eliminate (temporarily) the lateral earth 
pressure which would ordinarily exist. In extreme cases, when the backfill 
is a clay soil, shrinkage due to this net pressure causes the backfill to pull 
away from the wall, leaving an open space between the two. This is evi- 
dently a favorable but temporary condition which would not influence the 
design of the wall. 

In practice, lateral earth pressure for a condition of capillary saturation 
would be calculated by one of the above described methods as a direct 
function of the unit wet weight of the backfill. For full capillary saturation 
the unit wet weight might be as much as 140 Ib. per cu. ft. Using this value 
and a friction angle of 32°, the unit weight of the equivalent fluid would be 
43 lb. per cu. ft., or approximately one-half the value for saturation with 
gravitational water. 


Backfill Drainage 

To prevent backfill saturation at least by gravitational water, it is stand- 
ard practice to install pipe or gravel drains behind the wall. As shown in 
Fig. 9-17, a common type of drain is constructed along the back of the wall, 
with outlets through the wall provided at intervals by weep holes. 


9-16. Backfill Compaction 
Effect of Compaction. The compaction of a retaining-wall or bridge- 
abutment backfill by tamping or rolling is often considered desirable 
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for reducing eventual subsidence of the fill. Compaction of backfill 
around masonry structures which are part of an earth dam or levee project 
may be beneficial for this purpose and also for reducing seepage. The 
effect of such compaction on lateral earth pressure must be considered, 
however. 

Compaction has the effect of crowding the soil against the retaining wall, 
and in this respect it is equivalent to forcing the wall against the backfill, 
Thus there is every reason to believe that compaction materially increases 
the lateral earth pressure, at least while the operation is in progress. If the 
compaction is successfully completed without damage to the wall, the effects 
that follow depend largely on the nature of the backfill. 


Granular Soil 

With a densely packed granular backfill a slight yielding of the wall will 
suffice to reduce the lateral pressure to the active value once the compaction 
is finished. Thereafter there is no reason to expect any significant lateral 
expansion of the backfill and consequent increase in lateral pressure, except 
perhaps effects associated with freezing. Again subject to the provision 
that the wall is not damaged during the operation, compaction of a granular 
backfill is on the whole beneficial. The tendency for the lateral pressure to 
be increased by the increase in unit weight of soil is probably more than 
offset by the considerable increase in peak friction angle. 


Clay Backfill 

With a backfill containing clay the situation may be somewhat different, 
Yielding of the wall will cause reduction in lateral pressure as in the case 
of a granular backfill, but this may be only a temporary effect. A heavily 
compacted clay soil tends to expand over a rather prolonged period and in 
so doing creates significant lateral pressures. Heavy compaction, or as it is 
termed, overcompaction, is generally recognized to be undesirable in earthen 
embankments, where it is believed it contributes to a tendency to fail by 
spreading the base of the embankment. Considering that a retaining wall 
functions to some extent as the central block in a block-and-wedges type of 
analysis of embankment stability, it can be seen that the objections to 
overcompaction of an embankment apply equally to compaction of a re- 
taining-wall backfill. This may perhaps be taken as one more objection 
to the use of cohesive soil in a backfill for a wall. 


Need for Temporary Bracing 
If backfill compaction is to be undertaken it is most desirable to have 


some form of effective temporary bracing for the wall during the compaction 
operation. When it is impractical to accomplish this, the wisdom of under- 
taking backfill compaction becomes questionable even in a granular soil, 


Temporary bracing of light reinforced concrete walls and especially block 
walls is particularly important. 
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Earth Pressure Against Braced Sheeting 


Information on the pressure exerted by soil against braced sheeting in 
deep excavations comes more from field measurements than from theory. 
By using hydraulic jacks rather than wedges to take up the slack between 
cross-braces and walers in sheeted excavations, observation of pressure in 
the hydraulic jacks provides information on the compressive stress in the 
cross-braces when the sheeting is in proper vertical alignment. From this 
an approximate idea of pressure distribution on the sheeting may be ob- 
tained. Data from field measurements reported by Terzaghi* are presented 
graphically in Fig. 9-18(a). It can be seen that the distribution is roughly 
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After Terzaghi 
Fic. 9-18. Lateral pressure on braced sheeting. 


trapezoidal rather than triangular, with the pressure intensity at the 
bottom of the excavation being virtually zero. For application of this 
information to practical problems, a somewhat idealized envelope for the 
empirical curves has been constructed, as shown in Fig. 9-18(b). The 
total area of the trapezoidal pressure diagram ranges from about 1.1 to 
1.2 times that of the triangular diagram for active earth pressure, indicating 
that the total pressure is correspondingly greater than the active. This 
is in agreement with the findings of the Terzaghi retaining-wall experi- 


. ments, as illustrated in Fig. 9-6. Of possibly greater significance, however, 


is the indication that the resultant acts at one-half the wall height rather 
than at the lower third point. The practical significance of this in sheeted 
excavations is to require heavier or more closely spaced cross-bracing and 
walers at and above mid-height than at the bottom of the cut. 


Stability of Free-standing Retaining Walls 


9-17. Criteria. Under most specifications relating to retaining-wall 
stability, it is stated that a gravity wall must be secure against overturning 
and sliding on the base and must not create a vertical pressure on the soil 


"KK, Torsaghi, “General Wedge Theory of Barth Pressure,” Z'rana, ASCH, Vol, 106 
(1941), 68-07, 
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which exceeds what is known as the safe bearing capacity of the soil. To 
make a stability analysis it is necessary to consider the wall as a free body 
and to identify and evaluate all the forces which act on the wall. Those 
which require consideration are the lateral earth pressure on the back of the 
wall, the body force or weight of the wall, and the contact pressure on the 
base of the wall. In addition there is often a certain amount of soil in front 
of the wall which creates passive resistance to sliding, as in the case of a 
block-and-wedges analysis of a translatory slide in an unretained earth 
slope. 

With reference to the lateral pressure on the back of the wall it may be 
noted that the following discussion deals exclusively with the stability of 
what are known as free-standing retaining walls. The wall may be of mass 
concrete, reinforced concrete, cribbing, or other similar construction; but 
by the designation free-standing it is indicated that the structure is not 
braced or held in position in any way except by the inherent stability of the 
structure on its base. In the absence of any external lateral support, it is 
customary in engineering practice to assume that after backfilling, the wall 
will yield to such an extent and in such a manner that a condition of active 
earth pressure will develop. This is the basis for the use of active pressure 
values in analyzing wall stability. 

Methods for analyzing retaining-wall stability are discussed with refer- 
ence to an illustrative example, the conditions for which are given in Fig. 
9-19(a). The example is given as a problem in determining the base width 
required for wall stability. The assumed conditions have been intentionally 
simplified, especially the shape of the wall, which is represented as being 
rectangular. 

As previously stated, in a stability analysis it would be assumed that the 
lateral earth pressure has been determined. Earth pressure values de- 
termined by both the sliding wedge and Rankine methods are given in 
Fig. 9-19(a) for use in comparative calculations. For the sliding-wedge 
value it is assumed that the wall friction angle is equal to 30°, a value 
slightly less than the angle of internal friction of the soil. 

Resultant lateral pressures and, in fact, all features of a stability analysis 
are referred to a vertical section of the wall and backfill having unit thick- 
ness perpendicular to the cross-section. It is for this reason that resultant 
lateral pressure values are given in terms of pounds per linear foot of 
wall. 

9-18. Overturning. It is well known that a solid object resting on an 
unyielding level surface will be stable if the resultant of the forces which 
act upon it falls anywhere within the limits of the base. It is obviously 
necessary to design a retaining wall so that it has some reserve stability 
against overturning. The Joint Committee on Standard Specifications for 
Concrete and Reinforced Concrete recommends (Sect, 876b, p. 90): “For 
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Fia. 9-19. Wall stability problem. 


stability against overturning, the righting moment of the weight of the 
wall, fill, and other superimposed loads should be at least 50 percent greater 
than the overturning moment due to the thrust of the filling material to- 
gether with that due to any dead load or live load surcharge.” 

For investigation under this specification, the righting and overturning 
moments in this case would be taken about the outer toe of the wall. If the 
lateral earth pressure is calculated by the Rankine theory, the resultant 
would be horizontal. The righting moment would then be due solely to the 
weight of the wall. For this condition, the aboye quoted provisions of the 
Joint Code stipulate” the following requirements, 


"Tn this calculation the passive prossure at the toe is disregarded, Passive pressure 
at the too is of interest chiefly in connection with sliding on the base, 
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b H 
a= 153 Pa 


b 

3 xX 150bH = 4 xX 1.5 X 6220 
150b? = 6220 
b = 6.44 ft. 


Had wall friction been considered in this analysis, the calculations and 
result would have been as follows: 


b 
5 W + OP, = oP; 


3 
© y 1505 x 20 + 28005 = 1.5 x 22 
; = 15x > x 4800 
15b? + 28b = 480 
b = 4.80 ft. 


The above quoted section of the Joint Code Specification apparently 
relates to a wall on a rigid foundation such as rock. The same section 
continues: “For walls on soils, the resultant pressure at the base should 
fall within the middle third of the base... .”’ 

The requirement that the resultant should fall within the middle third 
of the base of walls constructed on soil has become a standard rule of 
practice. Observance of this rule minimizes the eccentricity of loading 
on the base and the intensity of pressure at the outer toe. A common 
assumption is that the resultant must intersect the base at the outer edge 
of the middle third as shown in Fig. 9-19(b). When this assumption is 
made, it is convenient to take moments at the outer-third point rather 
than at the toe. The moment equation, using the Rankine earth pressure 
would then be 


b vel 

6 = s Pa 
5000? = * X 6220 

b= 9.1 ft. 


If wall friction is considered, the required base width is b = 6.31 ft. 


9-19. Pressure at Toe. As explained in Chapter 10, there is for each 
type of soil a limiting pressure which can be applied without danger of soil 
rupture or significant compression. This is known as the safe or allowable 
bearing capacity of the soil. It is almost invariably specified in retaining- 
wall design that the safe (or permissible) soil-bearing value may not be 
exceeded. For example, the Joint Code states (Sect. 876[c}):; “The maxi- 
mum soil pressure resulting from the maximum thrust at the... [base] 
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inclusive of the effect of eccentricity of such thrust should not be greater 
than the permissible bearing power of the soil which supports the wall.” 
The actual distribution of pressure between the soil and any spread foun- 
dation element and hence the pressure at any point is often indeterminate. 
It depends on the position of the resultant of the loading, the flexibility of 
the base of the foundation element, and the nature of the soil. When the 
base is rigid, as in the case of a mass concrete retaining wall, the pressure 
distribution is generally believed to be nonuniform. However, it is a very 
common practice in this particular application to assume that the base 
pressure is either uniform or uniformly varying. The size and shape of the 
assumed pressure diagram is therefore determined by the magnitude and 
position of the resultant. 

The magnitude of the vertical component of the resultant may be de- 
termined by application of the equation 2V = 0. For the conditions of the 
illustrative example, if wall friction is neglected 


2V =W —- Ry = 0 
Ry = 20 X 150b = 30006 
If it is assumed that the resultant acts at the outer-third point, the pressure 


diagram as shown in Fig. 9-19(c), will be triangular, so the pressure, p, at 
the outer toe may be obtained from the relation 


_ pb 
R, = 8 
or 
‘— Be = soe = 6000 Ib./sq. ft. 


In this case, the calculated toe pressure is just equal to the allowable soil 
bearing value, and therefore the above quoted provisions of the code are 
satisfied. For the given conditions, however, a base width of at least 9.1 ft. 
is required to create the pressure distribution which was assumed in cal- 
culating the toe pressure. This base width is therefore the minimum which 
can be considered. 

When a wall is constructed on a clay soil, a very conservative value 
should be used for the allowable toe pressure if the loading is eccentric. 
Due to the yielding nature of clay an eccentric loading may cause gradual 
tipping of the wall even at a very low contact pressure. The combination 
of a clay foundation and clay backfill is particularly undesirable. In some 
cases retaining walls are supported on bearing piles in order to prevent 
tipping or excessive pressure. ¢ 


9-20. Sliding on the Base. Resistance to sliding is created by shearing 
resistance at the contact of the soil and base of the wall and by passive 
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oe ane ae of the wall. The driving force is the active pressure 
€ back of the wall. The similarity of a retainin 1 i 
g wall in this respect to 
the central block in a block-and-wedges analysis of the stability of a un- 
retained earth slope is now evident. 
; i a minimum requirement, the resistance to sliding must be at least 
qual to or slightly greater than the horizontal component of the active 
i The requirements of most standard specifications are consider- 
; hes rigorous. _The Joint Code previously referred to states: “For 
stability against sliding, resistance should be provided for at least twice 
the computed active horizontal thrust on the wall.” 
foe that the material beneath the wall is a granular soil and that 
e Triction angle for soil on masonry is 30°, application of the ab 
specification requires that os 


hk, tan 30° + P, 7 


Py a 


If the Rankine value of the active pressure is used, 
3000 X 0.577b + 4500 = 2 « 6220 


_ 7940 
3000 x 0.577 ~ #18 ft. 


Since a base width of 9.1 ft. is required to meet the requirements as to t 
pressure, 1t is seen that in this case there is ample security against slidi a 
However, the Joint Committee requirement of a factor of safety of 2 i 
quite severe. In many cases this specification has a greater safari ri 
design than specifications on overturning. With a clay soil eden 
wall, this requirement usually cannot be met economically through d 3 
velopment of resistance to sliding on the base alone. In some cas : this 
leads to excavation of several feet below the grade for the base of the 7 ff 
and replacement of the clay with an imported granular material ae fhe 
cases it may lead to the use of bearing piles, a number of which Ik : al 
to take the horizontal thrust. rae 
As in the case of an unretained slope, there m ibili 

firmneead hat tae on a weak ei cea in fhe Ae camera ie 
sliding on the base of the wall itself. This can be i i indic 

in Fig. 9-20, by extending the faces of the wall a precio sui ae 
and making a stability analysis by the block-and-wedges method Braet 


oe Ratio of Base Width to Height. Prior to the development of even 

e elementary analytical methods described above, gravity walls wer 
designed by experience and rule of thumb. The criterion for such de pe 
was that the ratio of the base width to the height of walls (with . ) oat 
mately rectangular cross-sections) should have a certain value ttle 
interesting to note that when a gravity wall must have an ieercrinitels 
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Fra. 9-20. Effect of weak stratum at base of wall on stability against sliding. 


vertical outer face, a rectangular section makes for effective use of materials. 

With an approximately rectangular section and a relatively select, co- 

hesionless backfill, it was commonly specified, for example, that for active 

pressure conditions the base width should be from one-third to one-half the 
height, four-tenths being a general rule.* This rule is as valid today as 
when originally stated, at least for the given conditions. Walls with a base 
width to height ratio in excess of approximately 0.5 may be required in 
some cases, but when they are being considered it should be established 
‘hat there is no alternative or more economical solution to the problem. In 
modern practice, use of reinforced concrete provides one alternative which 
Was not available when the original rule was formulated. 

9-22. Dependability of Backfill Drainage. In an analysis of retaining- 
wall stability, consideration should be given to the possibility that the 
backfill drainage system may become inoperative and that saturation of the 
backfill may occur. When it appears possible that this may happen, it is 
recommended, as indicated above, that the wall be designed to meet all the 
usual requirements, on the assumption that the drainage will function as 
intended; and then that the design be checked for stability with a saturated 
backfill. With the latter condition it is still essential that the toe pressure 
be less than the allowable soil-bearing pressure and that sliding resistance be 
at least equal to the active pressure. 

9-23. Foundation Stability 

Gradual Settlement. As in the case of embankments and unretained 
curth slopes, it is necessary to consider not only the equilibrium of a 
sliding wedge or other section of the material behind the wall but also the 
equilibrium of the wall and sliding wedge acting together as a unit, If the 
ground has not previously been loaded, there is as shown in Fig, 9-21(a) a 

possibility of general settlement of the entire aon due to compression either 
“John ©, Trautwine and John C, Trautwine, Jr, Che Civil Pngineer'a Reference Book 
(2iat od; Ithaca, N. Yui Trautwine Co,, 1987), py. O08, 
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Wall Backfill 


Settlement Due to Soil Compression 


(a) 





VN, 
Cols 


Weak substratum 


Rotational Slide 


(4) 


Fie. 9-21. Action of wall and backfill as single unit. 


of soil directly beneath the origi 
ginal surface or of a weak subst 

ratum. 
saan cases, in order to avoid such settlement it may be considered a 5 ts 
. idee on piling not only the wall but also the fill. However if the 
bara i oo so that a condition of overstress at the toe of he 

all will not occur, the possibility of significant settl i 
imized. Further discussion of soil-beari Fen erenigda: 
-bearing value and settlement is gi i 

Chapters 10 and 11. There remai i ania iat 
( ; emains the possibilit i i 
in the form of a deep-seated rotational slide. or SeeSRian ema 


Rotational Slide 


As indicated in Fig. 9-21(b), the construction of a wall and bae 


re ’ ne . kfi 
create a tendency toward rotational movement greater a raw 


than any which 
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may exist with an embankment or unretained slope with an inclined rather 
than a vertical face. The stability of the entire mass with respect to such 
a failure must be considered when there is a weak foundation condition, 
especially when there has never been any previous loading on the site. 
‘The possibility of a deep-seated rotational slide exists even when the wall is 
supported on piling. Methods described in the preceding chapter may 
readily be adapted to use in analyzing the stability of a retaining wall 
against this type of failure. 


PROBLEMS 


9-1. What are the limiting values of the lateral earth pressure at a depth of 9 
(t. in a uniform formation of cohesionless soil with a unit weight of 120 lb. per cu. 
't. and a friction angle of 32°? Assume a level ground surface. 


9-2. (a) What causes variation of lateral earth pressure between the limiting 
uctive and passive values? (0) Define earth pressure at rest. 


9-3. - the soil conditions given in Problem 9-1, calculate by Rankine’s equa- 
Loris magnitude of the resultant active and passive earth pressures respectively 
por linear foot of wall for a wall with vertical back face 15 ft. in height. 


9-4. For the soil conditions given in Problem 9-3, calculate by Rankine’s equa- 
tions the magnitude of the resultant active and passive pressures per linear foot of 
wall, assuming that the backfill has a plane surface which slopes up from the wall at 
in angle of 18° with the horizontal. 


9-5.) Solve Problem 9-3 by application of the sliding wedge concept. Assume a 
witt+ffiction angle of 25°. 

9-6. Solve Problem 9-4 by application of the sliding wedge concept. Assume a 
wall friction angle of 18°. 


9-7. Given a retaining wall with vertical back face and level backfill. The wall is 
24 ft. high; the backfill is cohesionless soil with a unit weight of 118 lb. per cu. ft. 
and a 32° friction angle. Calculate the moments about the inner edge of the base 
of the resultant active earth pressure per linear foot of wall as calculated (a) by 
Rankine’s equation, (b) by the sliding wedge concept, assuming a wall friction angle 
of %4 @. 

9-8. Calculate the resultant active earth pressure both on a retaining wall 10 
{t, in height and on a wall 25 ft. in height. Assume that (a) the pressure is due 
to the backfill only, and (b) the pressure is due to the backfill plus a uniformly 
distributed surcharge loading of 250 lb. per sq. ft. For both cases assume a vertical 
wall, a level backfill surface, and a backfill of cohesionless material with a unit 
weight of 125 Ib. per cu. ft. and a 34° friction angle, 


9-9. Fulfill the requirements of Problem 9-8, assuming a concentrated surcharge 
loading 6f 2000 Ib, per linear ft. along a line 3.5 ft, from the top of the wall ine 
stead of a uniformly distributed surcharge loading, 

9-10. A retaining wall with cohesionless backfill having a unit weight of 122 Ib, 
por ou, ft, is 17 ft, high, The backfill carrion a uniformly distributed surcharge loade 





270 
BASIC SOILS ENGINEERING 


ng of 500 Ib. per Sq. ft. If the all has a ver tical ba k face, hat 1s the distance 
f se to i h p 
rom the ba: the line of action of the resultant ear th ressure on the W all | 

: 


9-11 Solve Pr oblem 9-10 substitutin: a concentr ated line loadin of 2000 
Coad) ’ g 

gs 
lb. T ft . for the disti ibuted surchar ‘ge loading. Assume the line loading acts at a 


distance of 5 ft. from th 

ce of fi e top of the wall and th i 
material with a unit weight of 112 Ib. per cu. ft. fan = santa i a 
Solve Problem 9-3 by applicati i . 
propriate values selected hore Fig. oe een tie rene 


9-13. A retaining wall 15 ft. in hei 
backfill with level ground surface. 
cu. ft.; the friction angle is 30°, 






using ap- 


ght has a vertical back face 
and a cohesionl 

cee unit dry weight of the backfill is 110 Tae 
2.65. Calculate the total lee ee Seip io Sa lie 
te sure on the wall 
: aa backfill is 95 percent and the phreatic Seely piles ie 

» (0) when the phreatic surface is level with the surface of the aca ete 

ackfill. 


9-14. : 
civ i for a a  coheile 
Ol 1s : 
braced, what is the a ; - per cu. ft. If the trench is 
: pproximate value of th 
foot of sheeting on one side of the trench? te wee 


The unit weight of 
sheeted and cross- 


9-15. A mass concrete 1 ini 
: 2, gravity retainin ll i i i 
oth 7 gra g wall 23 ft. in height 
see niet a estar The unit weight of eitieaient hoe 
- per cu. ft., and the backfill surface j ah 
bearing value of the soil beneath the base of the wall is Sibu ae ioe at ie 
. ft. at base 


CHAPTER 10 
SOIL BEARING CAPACITY FOR SPREAD FOUNDATIONS 


10-1. Structures. The spread foundations referred to in this section are 
those for buildings or similar structures. These structures have at least 
two distinctive characteristics. In the first place, they are in general 
constructed of such materials and in such a manner that they are fairly 
rigid in comparison with soil. Consequently they are subject to damage 
us a result of relatively minor soil deflections, deflections which might 
occur, for example, without overstress in the soil itself. Second, they are 
so constructed as to apply what may be regarded as primarily a normal 
loundary loading. Examples of structures as loosely defined above would 
therefore include buildings of nearly all types, retaining walls, bridge piers 
and abutments, culverts, pipelines, towers, tanks, industrial process equip- 
ment, and similar fabrications. 

10-2. Foundations. Structural foundations are designed to transmit 
the weight of the structure to the underlying soil or rock which serves as 
(he basie supporting member. The foundation must be essentially un- 
yielding, since one of the chief requirements is to minimize or eliminate 
settlement due to yielding of soil under applied loads. However, it is 
equally important to construct the foundation in such a manner that 
possible changes in soil volume due to shrinkage and swelling, freezing and 
thawing, effect of shock or vibration, scour, erosion, desilting, and all other 
causes are anticipated and provided against in the design. 

Structural foundations are of two main types, namely, spread foundations 
and_piling. "There are so many variations of these types that a Tull chapter 
is devoted to a discussion of each. 

As d foundation is a structural element designed to distribute_a 
concentrated loading over a sufficient area to reduce the pressure to allow- 
able values. In Fig. 10-1, an individual column looting, a compound foot-— 
ing, a cantilever footing, and a continuous footing for a bearing wall are 
illustrated. The manner in which the individual column and wall loads of 
an entire building are transmitted by footings to the ground is illustrated 
in Fig. 10-2(a). When the aggregate aren of the individual column and 
wall footings for a particular structure is a wubstantial part of the total 
area of the building in plan and in certain other special situations, & con 

tinuous mat under the entire structure may be used, Mat foundations are 
illustrated in Fig, 10-2(b) and (¢), Tf rigidity in dosired as a means of 


av ; 
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Plan 
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: Elevation 
Combined (trapezoida/) Footing 


Elevation 


(6) 


Individual Column Footing 








Plan 


Elevation 








essure 
ap 


Elevation Wo soi/ pr 
on oe 


Continuous Wall Footing 


_ Cantilever Footin 
(sometimes termed “pump handle “footing) 


(/) 


(c) 


Fic. 10-1. Spread footings. 
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ne hd inde- 
endently sup- 
Corted on grade 


IOV Vly 


A Ay 


(a) 


Yl 
Y Z 


(6) 


(c) 
Fic. 10-2. Spread foundations: (a) spread footings; (b) and (c) alternate types of mat 
foundations. 
eliminating differential settlement, or if resistance to hydrostatic uplift 
must be provided, these mats may be as much as 3 ft. or more in thickness 


and may be heavily reinforced. They may be further stiffened by proper 


integration with basement walls. Such construction, though sometimes 


necessary, is relatively expensive. 


General Aspects of Soil Bearing Capacity 


10-3. Causes of Settlement. When static loading is applied to soil be a 
structural foundation, it is to be expected that there will be a certain 
amount of soil compression, and since the foundation covers only a limited 
area, there is also the possibility of creating a sufficient concentrated stress 
to cause actual rupture and lateral displacement of the soil, Settlement 


Rays "Al ‘¢ 
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f ‘ Bots 
a ee ee ae by placing suitable restrictions on the 
ures. is has led to the concept that i 
—— bearing capacity which may not be - oa ae ties aa 
of damage to phe structure which the soil supports. Settlement oe ne 
resu vibrations, shrinkage, and other natura i j 
is discussed separately in a later section. a i 
10-4. - i 
aoe oe Relations. Settlement diagrams are usually con- 
sie > = e cee in Fig. 10-3(a), with the origin at the upper left-hand 
settlement can be plotted downward on th 1 
ment is commonly related in these di a ees 
e diagrams to load 1 
footing or plate) rather th ape eli arian Se 
f an total load. The curve shown in Fi 
mn in Fig. 10-3 
is of a generalized nature. The exact shape of the curve Aepentl on ie 


P 


| 


Loading Intensity, p= > _— 
Put “FSA 





Settlement 


A-Settlement due chiefly to soil compression, 


8 —Setilement due to €ombinati ; 
compression and lateral Heponenr et 


C—Settlement due to lateral displacement 


(2) 


ruplure 


Via, 10-8, Load-settlement diagram for spread footing, 
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nature of the soil, the size and shape of the loaded area, the elevator of the 
footing with respect to the ground surface, and other factors which are 
discussed subsequently. 

A settlement diagram is like a pressure-void ratio curve in the sense that 
it indicates total settlement to be expected for each loading. Rate of settle- 
ment is not reflected in a conventional load-settlement diagram. 

The curve in Fig. 10-3(a) indicates that any loading, no matter how 
small, will cause a certain amount of settlement. It is also seen that at the 
lower values of loading intensity, where the diagram is an approximation of 
a straight line, the settlement for a given area is roughly proportional to the 
loading. It is commonly assumed that when this is the ae. is 
due primarily to compression rather isplacement_of the 
soil beneath the footing. As settlement per increment of loading increases 
and curvature of the diagram becomes pronounced, it is considered that 
soil rupture is taking place and that the footing is sinking into the ground 
as a result of a lateral displacement of the supporting soil, which occurs as 
shown in Fig. 10-3(0). 

There is seldom a clear demarcation of the two sections of the diagram 
referred to above. In all probability, soil rupture is a progressive rather 
than an abrupt development, and it may be initiated well before the break 
in curvature is reached. It is convenient, however, for purposes of dis- 
cussion, to assume that ranges of loading can be identified in which settle- 
ment can be attributed either to soil compression exclusively or to soil 
displacement. 





10-5. Ultimate Bearing Capacity. The loading intensity which causes 
soil yupture_and lateral displacement resulting _in_rapid_sinking_of the 
loaded_area into the ground is termed the ultimate bearing value. As indi- 
cated above, it is seldom sharply defined. Certain authorities state that 
the ultimate bearing capacity is reached at the point where the load-settle- 
ment curve passes into a steep and fairly straight tangent, as at point a 
on the curve in Fig: 10-3(a). The loading intensity at this point will be 
referred to as the ultimate bearing capacity, Putt- 


10-6. Tolerable Settlement. The settlement which is reached at ulti- 
mate bearing capacity may vary from a relatively small amount to as much 
as several inches. With respect to the satisfactory behavior of a building, 
it is essential to prevent excessive settlement, It is true that many struc- 
tures could settle considerable amounts without serious difficulty, providing 
they settled evenly. However, the loading, the footing sizes and elevations, 
and last but not least, the soil conditions at the different footing locations 
are seldom identical, ‘Thus the greater the settloment of one footing, the 
greater the chance that the differential settlements of adjacent footings will 
be appreciable, Few modern structures Gan withatand appreciable differs 
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CLASSIFICATION OF SUPPORTING SOILS 


Maximum 
Allowable 
Presumptive 
Bearing Values 
(tons/sq.ft.) 


Saeed 
1. Hard sound rock 


Class Material 


2. Soft rock, hardpan overlaying Se EN Pt niga teat 100 
: ae compact sandy gravel.................002~2O 12 
. Compact sandy gravel; very compact clay. card an} cect. 10 
; very compact clay, ss . . 
5 a compact coarse or medium sand. Ea: 
‘ paso! ae compact clay, sand, and gravel; compact ? 
rse or medium : Sa 2 
rs Soretuas thas ents TOE Dealer otile: hard 
: oe sandy gravel, firm coarse or medina sid oes ® 
- 4O0se coarse or medium sand, compact fine sat, 4 
oa sand-clay soils, stiff clay... . , compact 
. Firm fine sand, compact i PEPE oa SEE any 4 meee eb 3 
medium clay. ait Es is eee silt, firm sand-clay soils, 
ms Loose fine sand, firm inorganic silt... 7 eet 
- Loose sand-clay soils, inorganic silt, soft clay el tect 4 
ara at tnahity. dang 1 


EXPLANATION oF TrRMS 


Compaction Related to Spoon Blows: Granular Soil 


Descriptive 
Term Blows/Foot Renuck 
Loose 1 int 
ia : : He These figures approximate for medium sand, 2-in 
Compact 31 to 50 ne Ar ae ie I.D. spoon, 140-lb. hammar, 
— . Tall. 7 - . , 
Very compact 51 or more material, fone CE il requires more blows, finer 
Consistency Related to Spoon Blows: Cohesive Soil 
Very soft 
Scr Stag 2 Sample tends to lose shape under its own weight 
ad 3to5 Molded with relativey slight finger ene 
Stiff ieee Sean with moderate finger pressure ? 
olded with substantial fin, i 
4 ger pressure; Y 
Hard removed by spading. meet 


26 or 
more Not molded by fingers, or with extreme difficulty: 
: might require picking for removal 7. 
rom Buffalo, New York, Buildi : 
, Buildin ; 
Values of Soils, Subpar. 1-2(c). 5 Codagen 


k ‘ 
Noundations, Par. 1, Bearing 


Hid, 10-4, Building code provisions for soil loading 
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ential settlement. Thus it is common practice to place a limit on the total 
settlement of any one foundation element. This limit is known as the 
tolerable settlement. One purpose of foundation design is to restrict the 
loading intensity everywhere so that the tolerable settlement is not ex- 
ceeded at any point. 

The settlement which can be tolerated in one structure is not necessarily 
acceptable for all structures. The more rigid the structure, the less the 
differential settlement it can sustain. In certain industrial buildings the 
need for maintaining alignment of pipelines, shafts, or interrelation of 
units of process equipment may place a special limitation on settlement. 
The range of values which may be assumed for the tolerable settlement of 
structures in general is approximately 3 to 1 in., or slightly more. Many 
existing buildings, especially those with brick-masonry bearing walls, have 
sustained greater settlements, though not without detriment to their 
appearance. 

10-7. Allowable Bearing Capacity. The allowable bearing capacity, 
pay (sometimes called the safe bearing capacity) of the soil at a given site is 
a loading intensity which is so limited that it provides an adequate factor of 
safety against soil rupture and also insures that settlement due to static 
loading will not exceed the tolerable value. There is no fixed relationship 
between tolerable settlement and settlement at a loading established by 
adoption of a given safety factor against soil rupture. Ina detailed analysis 
of soil bearing value, it may be considered necessary to investigate the two 
requirements for allowable bearing capacity independently. 


10-8. Presumptive Bearing Capacity. Every state and municipal build- 
ing code includes provisions which arbitrarily limit the amount of loading 
which may be applied on various classes of soil by structures subject to 
code regulation. The allowable loading values established by the Building 
Code of the City of Buffalo, New York, are reproduced in Fig. 10-4 as an 
illustration. It will be noted that the listed bearing values are termed 
maximum allowable presumptive bearing values. The implication is that on 
the basis of experience alone, it may be presumed that each designated class 
of soil will safely support the loads indicated, that is, that settlement will 
not be excessive and there will be no danger of soil rupture. For this reason 
the term presumptive bearing capacity has become synonymous in the minds 
of many engineers with the previously defined term, allowable bearing value. 
Use of presumptive values in foundation design is discussed in a later 


section. 


Ultimate Bearing Capacity 


10-9. Analytical Principle. When soll rupture occurs under a footing, 
it has beon observed, masses of soil are displaced laterally and thrust aside 
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as the footing breaks into the ground. This suggests that ultimate bearing 
capacity can be determined in much the same Way as passive earth pressure, 
namely, by calculating the total shearing resistance available along the 
surfaces on which displacement takes place and estimating the force re- 
quired to equal or overcome this resistance and to move the soil which is 
displaced. For such an analysis it is necessary to have information not 
only on soil strength but also on the location and shape of the surfaces on 
which rupture occurs. 

Present concepts of the nature of soil failure under footings stem mainly 
from an analysis by Prandtl* of the failure of a block of metal under a long, 
narrow, strip loading. This analysis indicates that for the given conditions, 
failure occurs as shown in Fig. 10-5. Specifically, it was shown that at a 





Fie. 10-5. Prandtl theory of rupture under line loading. 


certain loading intensity, the material in the central wedge-shaped zone, 
No. I, under the loaded area is forced downward into the mass, displacing 
material on either side in zones II and III. The lines bounding these zones 
below the surface in Fig. 10-5 are traces of the surfaces of rupture. Note 
that the material in Zone III develops passive resistance to displacement. 

When the position of the rupture surfaces can be de itely established 
in terms of the properties of the material, as is the case for the Prandtl 
analysis, a relatively simple mathematical expression can be developed from 
theoretical considerations for the loading which will cause failure. This 
can be accomplished with reasonable accuracy in soils engineering only for 
the case of a long wall footing on a relatively uniform clay soil, clay being 
a material which, like metal, has shearing strength which is largely inde- 
pendent of weight. With nearly all the other types of foundations and soil 
conditions, the position of the rupture surfaces is difficult if not impossible 
to determine on a theoretical basis. Methods for locating failure surfaces 
by trial have been developed but are not widely used. Semi-empirical 
equations for p,1;, are available, however, and their use is generally preferred 
to a series of trial solutions. 


10-10. General Equation. Considerations in developing an equation for 
ultimate bearing value include the size and shape of the foundation element, 


*L. Prandtl, ‘Uber die Hiirte plastischer Kérpor,” Nach, Gos, Wiss, Gottingen, 1920, 
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the depth of the foundation beneath ground and the nature - the se = 
which it rests. A number of different equations developed by ses ca 
individual cases have been combined by the author into a single aS - 
which is referred to herein as the general equation for ultimate bearing 
capacity and which is discussed below. 


The Terzaghi equations establish ultimate bearing value as a function 


sprees en is 
of resistance due to three factors: cohesion, internal friction, and what i 


termed surcharge effect. As shown in Fig. 10-6, when a footing is con- 





Surcharge 





Surcharge, 






Fic. 10-6. Surcharge on footing. 


structed at some distance below ground, the eae . oon 
foot loading on the soil below a 
footing grade acts as a surcharge rovi 
saditienal resistance to lateral displacement of the soil beneath oe 
This often adds materially to the ultimate bearing capacity ‘ t ? - 
footing grade after basement floor slabs have been constructe a i eee 
filling around the structure has been completed. It will be note 
‘ oan 

it not be a factor during construction.” ate 
it fae general expression for the ultimate soil-bearing value may be written 
in the form 7 
: cohesion — solid friction surcharge 

ee — 


ee 


Pur = KiNe + KoyiNyB + Nav2Dy; (10-1) 





in which py equals the ultimate bearing value and the eel - = 
‘nlite i spectively, to cohesion, to solid friction, ¢ 

‘i dicate resistance due, respectively, , aon ane 

eid ea effect. The individual factors have the following significance: 


' footi see ues 
Ki, Kz = coefficients dependent on the type of footing, (See val 
’ 
in Table I below.) 
; tin 
“On this account, it is sometimes necessary to cence Sa iadogienay of mifeating 
ing © suction when only dead lone 
“at for conditions during construction ' one 
au a Le then for conditions during ocoupandy when Coed ane live londing) 
. , | , a 
cain and backfilling and basement floor construation ly complotoc 
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N., Ny, Nq = bearing capacity factors. (See Fig. 10-7.) 
c = unit cohesion 
vi = effective unit weight of soil below footing grade 
72 = effective unit weight of soil above footing grade in depth D, 
B = breadth of footing 
D; = depth of footing below exterior ground or equivalent depth* 
to grade of basement floor slab, whichever is least 


ll 


Tas_e 10-1 


VALUES or K, AND Ko 








Type of Footing Ky Ke 
Continuous... ........cee cece ees 1.0 0.5 
SQUATC sds ous aude tawa zen vinta deve 1.30 0.4 





The bearing-capacity factors are dimensionless quantities that are 
represented as being dependent only on the values of ¢; hence their values 
may be represented by curves as shown in Fig. 10-7. Two sets of curves 
are given, the solid lines for dense or stiff material, the dotted lines for loose 
or soft material. 

The general equation has certain implications as to the ultimate bearing 
capacity of cohesive and cohesionless soils under various conditions. These 
are discussed below. 


Implications of General Equation with Clay Soils 
For a spread footing on the surface of a clay formation, Eq. (10-1) would 
reduce to the form 


Par = 5.7 Kie (10-2) 


Eq. (10-2) indicates that the ultimate bearing capacity of a clay soil varies 
directly with unit cohesion and is independent of footing width and soil 
weight. There is also an indication that a greater ultimate bearing ca- 
pacity may be assumed for an individual column footing of given area than 
for a section of a continuous footing of equal area, since the value of K, for 
a square footing is 1.3, while for a continuous footing K, is 1.0. 


* An example of calculation of equivalent depth is as follows: Assume the distance 
from the bottom of footing to the bottom of floor slab is 2 ft. Assume an 8-in, base- 
ment slab with unit weight of 150 Ib. per cu. ft, Equivalent depth: 


8 150 
D = 2 fom — i 5 bs 
fi + i2 Xx " 8 ft, (approx.) 
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eo 
Pal Ws 
N 
For dense or stiff soils, Note 


use N-,Ng, and Ny. 


For loose or soft so//s, 
use N¢ ,Ng,and Nz. 


44] 


Values of Ny 











Values of ¢ 
After Taylor 


Fic. 10-7. Bearing capacity factors. 


Implications with Cohesionless Soil 
For application to a footing on cohesionless soil, Eq. (10-1) would reduce 
to the form 
Put = Key N,B (10-3) 


I}q. (10-3) represents that the ultimate bearing capacity of cohesionless 
soil is a function of soil density or unit weight, of the friction angle as 
reflected in the term N,,, and also of the breadth of the footing. 

The range of friction angles given in Fig. 10-7 includes values greater 
than any which can be developed through sliding friction alone. When 
(these higher values are used, it is evident that some reliance is placed on the 
development of strength due to interlocking as well as on strength due to 
solid friction. Thus density effects may be involved not only in the unit 
weight but also in the bearing capacity factor, N,. Under certain con- 
ditions the effect on the latter may be of major importance. For example, 
the values of yi and ¢ for a loose cohesionless soil (above ground water) 
might be approximately 100 Ib. per cu. ft. and 32°, respectively. For the 


sume material in a dense condition the unit weight might increase to 130 
lb. per cu. ft., but the peak friction angle, #), might be as much as 40°, 
Values of N, for friction angles of 32° and 40° (the latter value being 


necessarily for dense soil) are given in Fig, 10-7 a8 8 and nearly 100, Thus 
the ultimate bearing capacity of dense cohesionless soil is represented as 
being roughly ten times that of loose cohesionloss soil, chiefly because of 
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difference in the peak shearing strength. Use of the peak friction angle in 
this application is justified, since in the selection of an allowable bearing 
value, a factor of safety is used which insures that the peak shearing 
strength will never be exceeded. It is evident that a substantial increase 
in the ultimate bearing capacity of granular soil can be accomplished by 
precompaction. 

As noted above, Eq. (10-3) also indicates that the ultimate bearing ca- 
pacity of a cohesionless soil is a function of the breadth of the footing: 
the larger the footing, the greater the loading intensity which presumably 
can be applied without soil rupture. This implication, which to some extent 
is based on the results of small-scale laboratory tests, is not always in 
agreement with the results of field-scale loading tests on granular soil. 
Tests observed by the author at an Air Force base in New York State gave 
the results* presented in Fig. 10-8, which indicate that the ultimate bearing 
capacity of a large plate on cohesionless soil is the same or less than that 
of a small plate. Furthermore, not only is the B-p,,, relation in question, 
but the effect of footing size on the ultimate bearing capacity of cohesionless 


ne ae in tons/sq. ft. 
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Fia. 10-8. Field loading test results, 


*B, K, Hough, “Report on Soil pa Toate for Design of Building Foundations, 
Rome Air Depot, Rome, New York” (U, 8, Corpa of lngineers, 1941), 
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soil is a somewhat academic matter, since it is usually secondary in im- 
portance to other considerations in establishing allowable bearing values to 
be used in an actual footing design, settlement in particular. 


Surcharge Effect 

The third term of the general expression permits evaluation of the effect 
of surcharge. Assuming that the unit weight of backfill does not vary 
widely with type of soil, it is seen that N, and D; are the principal variables 
in the surcharge effect. However, Fig. 10-7 indicates that N, varies con- 
siderably with ¢ and hence with the nature of the soil. For sand with 
$ = 32°, for example, the value of N’, is 10, while for clay with ¢ = 0, the 
value of N, is 1.0. Thus at a given depth the effect of surcharge on the 
ultimate bearing value is represented as being far greater in a granular 
soil than in clay. In fact, surcharge effect i in clay is often ( disregarded. 


Effect of Variation in Ground Water Level 

Variation in level of the ground water table influences the effective unit 
weight of the soil and hence the value of the terms y; and y2 in Eq. (10-1). 
As a fairly close approximation it may be assumed that the effective unit 
weight of soil below ground water is approximately one-half that of the soil 
above. 

Eq. (10-1) indicates that a change in unit weight is of interest chiefly in 
granular soil—soil which derives strength from solid friction in proportion 
to effective intergranular pressure. Comparing the ultimate bearing value 
of granular soil when the water table is below the bulb of pressure with 
that of the same soil with water at footing grade or higher, it can be seen 
that the first value might be as much as twice the second. 

It is not uncommon to experience considerable variation in ground water 
level at a given site. This may occur naturally, or the water table may be 
temporarily lowered during construction. The importance of considering 
the possibility of such variations is indicated by the above described effect 
on the ultimate bearing capacity. 

In addition to effects produced by reduction in unit weight, there is 
at least in theory, the possibility that with a high water table, the ultimate 
bearing capacity of granular soil may be reduced by liquefaction due to 
shoek or vibration. This could occur only in a very loose saturated ma- 
terial. It is somewhat unlikely that a granular soil would still be extremely 
loose after being subjected to a combination of loading and the disturbances 
which are incidental to construction. Furthermore, if the soil is unusually 
loose initially, it is good practice, as explained in a later section, to compact 
it prior to construction, However, the possibility of liquefaction should be 
kept in mind, 

There remains the possibility that variation in ground water level may 
affect the consistency of a clay soil and hence the unit cohesion, When this 
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possibility is of practical importance, it may be taken into account either 
by using a unit cohesion value appropriate for the worst condition or by 
increasing the factor of safety. 


10-11. Sampling and Testing Requirements. From the above discussion 
it is evident that to determine ultimate bearing capacity by an analytical 
procedure, it is necessary to obtain soil samples suitable for tests to es- 
tablish unit cohesion, in-place density, and in-place true—and in some 
cases, peak—friction angles. Having obtained such samples, it is necessary 
to arrange for appropriate tests* and for proper utilization of the data, 
since laboratory tests in themselves do not directly indicate either the 
ultimate or allowable bearing capacity. 


Settlement Due to Static Loading 


10-12. Requirements for Complete Analysis. A complete and detailed 
settlement analysis may be quite a lengthy procedure and one which ina 
number of cases should be attempted only by a specialist. Methods used 
in such an analysis are described in some detail in Chapter 12 following the 
discussion in Chapter 11 of pile foundations. Certain aspects of the sub- 
ject, however, are matters of more or less common knowledge. These are 
discussed below as a preliminary to selecting a practical basis for evaluation 
of allowable bearing values for spread footing design. 


10-13. Effect of Footing Size 

Settlement at Given Loading. Under moderate static loading, settle- 
ment is assumed to be due primarily to soil compression, as previously 
stated. For these conditions, the relationship between the breadth and the 
settlement of individual footings at a given loading intensity may be 
represented qualitatively as shown in Fig. 10-9. Curves for footings on 
a relatively soft clay and a dense sand are given for comparison. Fig. 
10-9(a) indicates that for very small areas the settlement of footings on 
sand may be due to actual penetration of the ground. This is one basis for 
requiring that test plates be of at least a certain minimum size, 4 sq. ft. 
commonly being specified. Results of tests on smaller plates may perhaps 
be questioned. 

Disregarding the section of the curves relating to very small plates, it is 
seen that in general, settlement due to soil compression under a given load- 
ing intensity is greater for large footings than for small footings. This 
effect is represented as being greater for soft cohesive soils than for granular 
materials. It is also represented at least in Fig. 10-9(a) that with soils 
of both types, the effect of footing size on settlement decreases as the size 

* Close approximations of the index and strength characteristics of soils ean be made 
from tabulations such as those given in this text, Such approximate values can be used 
in lieu of values determined by test, However, any advantage which is claimed for 


an analytical procedure becomes controversdal when the basic data are established 
purely by estimate, 
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increases. Thus it would be more important to consider size effects in 
applying data from a loading test on a small plate to the design of a full- 
size footing than in estimating differences in the settlement of two relatively 
large footings under the same loading intensity. This is a further reason for 
avoiding the use of very small plates in loading tests. - ¥ 

Fig. 10-9 represents only effects associated with a loading intensity 
significantly less than pyy. Fig. 10-10 has been constructed to show the 
effect of footing size on settlement at moderate loading and also on the 
ultimate bearing capacity of cohesive and cohesionless soils, 

Clay Soils 

Fig. 10-10(a) illustrates generally accepted concepts as to sive effoots 
for footings on cohesive soil, Referring to the figure it ean be noon that 
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at any given loading intensity less than p,;, the settlement of a large footing 
is significantly greater than that of a smaller footing, as indicated above. 
Regardless of footing size, however, it is believed that the ultimate bearing 
capacity of clay is reached at about the same loading intensity, as indicated 
by the general equation. At any given loading intensity, therefore, al- 
though there would be approximately the same factor of safety against soil 
rupture, there would be differential settlement. of footings of different size. on 
clay. This indicates that settlement rather than ultimate bearing capacity 
may control the design. For equal settlement the intensity of loading on the 
larger footing at least in theory should be less than that on the smaller, 


as shown in Fig. 10-10(a). 


Cohesionless Soils 

Fig. 10-10(b) illustrates for cohesionless soil the previously stated con- 
cepts as to the effect of footing size on settlement at moderate loading and 
also the implications of the general equation as to the effect of footing size on 
ultimate bearing capacity. Accepting this representation temporarily for 
discussion purposes, it is evident that if footings of different size were de- 
signed to have the same safety factor with respect to the theoretical ultimate 


bearing capacity, the contact pressure for the larger one would be sppyeck 
‘differential 


ably greater than for the smaller one, and, therefore, a significant 

settlement might be expected. However, as previously indicated, there is 
some doubt that the ultimate bearing capacity of cohesionless soil actually 
varies with footing size as indicated by theory. If, as shown in Fig. 10-10(c) 
the ultimate bearing capacity is not significantly affected by footing size, 
there would be approximately the same factor of safety at any loading in- 
tensity, and while there might be some differential settlement between foot- 
ings of different size, the effect would probably be less than with a relatively 


soft clay. 


Perimeter Shear 

For extending data on settlement of small plates used in loading tests to 
design of full-sized footings on mixed or cohesive soils, some adjustment for 
size and edge effects may be desirable. The method proposed by W. 8S. 
Housel* for analyzing size effects may be used to establish a relation be- 
tween the loading which produces a certain settlement of a small plate and 
the loading which will cause the same settlement in a larger plate or footing. 
The Housel equation may be written: 


P = Ap, + Pys © (10-4) 
“W. S. Housel, “A Practical Method for the Selection of Moundations Based on 


Fundamental Research in Soil Mechanics” (Univ, of Michigan Wng, Roa, Bull, No, 18, 
Oot,, 1929), 
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in which 
P = total load on bearing area 
A = contact area 
p- = compressive stress* in pressure bulb 
P, = perimeter of contact area 


s = unit shearing stress at perimeter (in effect, punching shear) 


This expression, which is applicable chiefly to cohesive soils, represents 
that a spread foundation is supported in part by soil in compression beneath 
the area and in part by soil around the perimeter which is in shear. It is 
postulated in this analytical method that with given values of unit com- 
pressive stress, p., and unit shearing stress, s, a certain settlement may be 
expected. If the load required to produce a certain settlement of two test 
plates of different size is established by a field loading test, these stresses 
may be calculated. With this information the size footing required to 
support a greater load without exceeding the same settlement can be es- 


tablished. An example of an application of the formula for this purpose 
is given below. 


Example 1. 


Given: Loading tests are made on square plates with areas 2 X 2 ft. and 3 X 3 


ft. in size. Hach settles 14 in. under loads of 14,400 Ib. and 27,600 lb., 
respectively. 


Find: Size of square footing to support a total load of 50 tons with no more than 
Y4-in. settlement. 


The unit stresses p, and s are found by solution of simultaneous equations: 


{ r A 
14,400 = 4p, + 8s. 
27,600 = 9p. + 12s 
21,600 = 6p. + 12s 
6,000 = 3p., p. = 2,000 Ib./sq. ft. 
s = 800 lb./ft. 


For the 50-ton load, the following equation may then be written: 


100,000 = 2,000 A + 800 x 4WA 
A = 40 sq. ft. approx. 


Application of the Housel method in the manner illustrated above 
obviously depends on having data from load tests on plates of two different 
sizes. Although the time and cost may be doubled by this requirement, 
the conduct of tests on plates of different size is desirable and should be 
adopted whenever possible if loading tests are to be conducted at all. 


*This is not the usual contact pressure, p = P/A, 
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10-14. Consequences of Loading Being a Combination of Dead and Live 
Loading. Although a need exists for considering the effect of footing size on 
settlement, as explained above, there is a counterbalancing consideration 
which at times may wholly or partially offset this requirement. This is 
revealed by consideration of the nature of loading on ordinary structural 
foundations. The loads which must be used in foundation design are the 
live and dead loads* of the structure and the weight of the foundations. 
The relative magnitude of the live and dead loads varies considerably for 
different foundation elements. On the larger footings, live loading is often 
a greater proportion of the total load than on the smaller footings. While 
all footings must be designed to carry the greatest anticipated total load, it 
may be the case that during much of the time the live loading on a footing 
is less than the design value. If all footings are so proportioned as to de- 
velop the same contact pressure under full dead and live loading, therefore, 
the intensity of loading on the larger footings is probably less than on the 
smaller ones for extended periods of time. On a cohesive soil, especially, 
where hydrodynamic lag affects consolidation, this would largely offset 
the fact that at equal loading intensities the large footing would tend to 
settle more than the small footing. To the extent that the above considera- 
tion is applicable, size effects may often be disregarded, and footings of 
different size may be designed for the same loading intensity under total 
live and dead load without fear of excessive differential settlement due to 
compression of soil within the bulb of pressure. This procedure has, in 
fact, been standard practice for many years and 1s reflected in the wide- 
spread use of presumptive bearing values as the basis for footing design. 


10-15. Effect of Weak Substrata. Since loading applied to the ground 
by structural foundations is transmitted through the full depth of the over- 
burden to bed rock, the existence of relatively compressible intervals in the 
overburden may well affect the settlement. The discussion in Chapter 7 
of the variation of stress with depth indicates that there is a practical limit 
to the depth within which the existence of a weak substratum is of signifi- 
cance in regard to settlement. This depth is referred to herein as the depth 
of significant stress, and procedures for evaluating it are described in Chap- 
ter 12. It is evident that any generalizations regarding settlement such as 
those given above must be qualified by the possible effects of weak sub- 
strata. 


*In calculating loading created by structures, there are certain conditions for which 


the difference between the gross weight of the structure and the wees a egeah et 
from the foundation excavation can be considered as the applied eae ’ ae mere 
bearing on the compression of weak substrata at some depth oso he aoa c a 
than on the stresses to be considered in the design of individual footings, 10 subject 


‘ that one menna of reducing 
’ Lin Chapter 12, It may be noted here, however, 

rbeer yet om of a given structure ia to inerease the depth of the foundation 
oxoavation #0 that the not stress increment on the soll beneath is significantly reduced, 
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10-16. Effects Other Than Static Loading. Preoccupation with analysis 
of settlement due to foundation loads should not blind the designer to the 
fact that other effects may cause settlement of considerable magnitude. 
Shrinkage of plastic soils is one such effect. Vibration of loose granular 
soils is another. Settlement from any cause is objectionable and must be 
minimized. A fairly extensive discussion of other causes of settlement is 
therefore included in a later section of this chapter. 


Allowable Bearing Value 


10-17. Combined Effects of Settlement and Safety Factor Against Soil 
Rupture. The combined effects of settlement and safety factor against soil 
rupture may be represented in a single diagram such as Fig. 10-11. The 
curves in Fig. 10-11(a) are for cohesive soil. The implications of the general 
equation as to effect of footing breadth on ultimate bearing capacity for 
given conditions are represented by curve A. The effect of adopting a 
certain factor of safety against soil rupture is illustrated by curve B. To 
insure that maximum and differential settlements will not be excessive, 
however, still another restriction on loading is required. This may be 
represented by curve C. The exact position of curve C for given conditions 
depends on the tolerable settlement. For a large value of tolerable settle- 
ment the curve moves to the right; for a small value, to the left. 

The allowable bearing capacity of the soil may be represented by a com- 
bination of curves B and C. This combination is indicated by the heavy 
line diagram. Although theory suggests that the ultimate bearing capacity 
of clays is independent of footing width, the practical requirement of 
equalizing settlement is shown to necessitate reduction of loading intensity 
with footing size, except insofar as this requirement is offset by the relative 
magnitude and duration of the live and dead loading. 

For cohesionless soil, curve A in Fig. 10-11(b) reflects the implications 
of the general theoretical equation as to ultimate bearing capacity, and curve 
B the effect of applying a constant safety factor. Loading restrictions 
necessary to minimize settlement are shown by curve C. It is evident that 
if settlement must be held to a relatively small value, the limitations im- 
posed by curve C would outweigh theoretical considerations as to variation 
of ultimate bearing value with footing width. Under such conditions, the 
allowable bearing capacity, as shown by the heavy line, would theoretically 
decrease rather than increase with footing size. Adoption of the same 
allowable bearing value for footings of different size on cohesionless soil 
can often be justified. The requirement of eliminating differential settle- 

ment clearly indicates that it would not be advisable in any case to assign a 
higher allowable bearing value to a large footing than to a small one. 

10-18. Basis for Evaluation of Allowable Bearing Value. The above 
discussion indicates that for given conditions, the assignment of an allow- 
able soil bearing value may be affected by the ultimate bearing value of the 
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Figure redrawn from Taylor, Fundamentals of Soil Mechanics, Copyright, 1948, John 
Wiley & Sons, Inc. 


Fia. 10-11. Effect of settlement on allowable bearing values. 


soil, load-settlement relations, footing size, limitations on tolerable settle- 
ment, relative magnitude of live and dead loading, the existence and thick- 
ness of weak substrata, possible fluctuations in ground water level, footing 
grade and surcharge conditions, and possibly other factors not related to 
static loading, It is searcely to be expected, therefore, that any simple 
analytical procedure amounting in effect to a rule of thumb for determining 
allowable bearing value can be developed, Reasonably simple and satine 
factory empirical procedures exist and are deseribed below, but analytical 
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procedures to be completely adequate must necessarily be somewhat in- 
volved. 

If a single basis for determining allowable bearing value is to be selected, 
it appears that in most cases limitation of settlement is the essential con- 
sideration. This is in contrast to consideration of ultimate bearing value 
as the controlling factor, a practice which is quite generally followed. 
When the loading on footings of ordinary size has been limited so that 
settlement will not exceed tolerable values, there is little possibility of soil 
rupture. To express it in somewhat different terms, it may be said that 
while settlement and soil rupture should both be investigated, at least in 
certain cases, settlement is usually the primary consideration, soil rupture 
secondary. 

The curves presented in Fig. 10-11 support the above conclusions. Ata 
certain footing size, considerations of settlement predominate over ordinary 
factors of safety against rupture both with cohesive and cohesionless soils. 
Thus to make soil rupture the sole criterion in all designs it is necessary to 
use such a large arbitrary factor of safety that many designs are over- 
conservative. 


10-19. Requirements for Evaluation of Allowable Bearing Values. If 
settlement is adopted as the chief consideration, information on founda- 
tion loading and soil characteristics required for settlement analysis must 
be obtained to establish allowable bearing values. For highly accurate 
analyses, undisturbed soil specimens must be obtained and a fairly ex- 
tensive program of laboratory testing conducted. However, as explained 
in Chapter 12, reasonable approximations of anticipated settlement may 
be made on the basis of records of routine boring operations, standard 
penetration resistance records and a relatively few, simple classification 
tests. 


Presumptive Bearing Capacity 


10-20. Practical Value. Because there are occasions when it is impracti- 
cal to establish allowable soil bearing values by the above described 
analytical procedure, a need exists for an alternative procedure. The 
procedure which is most common in engineering practice is the use of pre- 
sumptive bearing values. Some of the circumstances which have led to this 
practice and methods for establishing presumptive bearing values are dis- 
cussed below. 

Use of the analytical procedures described above is sometimes inap- 
propriate, especially on routine work. ‘The basis for this statement is that 
the cost of the special program of goil investigation, testing, and analysis 
may be out of proportion to the possible saving in construction costs, 
Usually by establishing presumptive bearing values based on an adequate 
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but routine type of investigation and by following conservative design 
practices, the engineer or architect can safeguard the owner’s interests and 
actually save money.* 

A further consideration is that it is obligatory upon a designer to comply 
with building code provisions relating to soil bearing value whether or not 
an independent, theoretical analysis has been made. dn areas covered by 
a code it is therefore a legal requirement to establish the presumptive 
bearing capacity of the soil as the code prescribes and to limit design load- 
ings to this value unless, through the regular procedures which are provided, 
an exception from code requirements as to presumptive bearing capacity 

“¢ ined. 

iS re site falls within the jurisdiction of a building code, the 
presumptive bearing value must be established by methods prescribed in 
the code. When there is no existing code, or when an alternative method 
of determining presumptive bearing values is desired for comparison, the 
method described below may be used. This method is dependent on es- 
tablishing a reliable and appropriate classification of the soil within the 
zone of significant stress and on establishing a satisfactory, though empiri- 
cal, correlation between classification and behavior of the soil under static 
loading. 

10-21. Soil Classification for Foundation Engineering 

General Requirements. One of the essentials of a satisfactory em- 
pirical method for establishing soil bearing value, as stated above, is an ade- 
quate and competent classification of soils for this particular purpose. The 
special requirements for soil classification for foundation engineering are 

that soils be described as to (1) in-place density or consistency, (2) texture, 
(3) gradation (except perhaps of the clay fraction), and (4) organic sae 
(except perhaps of the plus No. 10 fraction). In some cases, the reat . 
sensitivity of clays may also require investigation. Many of the standar 

classification systems developed for use in other applications make no pro- 
vision for furnishing information as to soil density or in-place consistency 
and are therefore unsatisfactory for use in foundation engineering. For ex- 
ample, a soil classification system which makes no provision for establishing 
in-place density or consistency of natural soil formations may be satisfac- 
tory for use when, as in highway and airfield construction, it is taken for 
granted that a cut and fill operation and/or subgrade compaction will be 
required in any case, but it is unsatisfactory for foundation engineering. 
The natural density of soil at footing grade is a very important considera- 


tion, however, in foundation engineering. In fact, if a soil is relatively com- 
pact, it may make little or no difference in foundation design whether it is a 
't, it may 
granular soil or a clay, 
*'The requirement of an adequate subsurface Investigation, however, oannot be 
compromised, 
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The information needed for a classification meeting the four require- 
ments given above can be obtained in the course of a routine boring opera- 
tion or other form of exploration at little or no additional cost if suitable 
specifications for the work are written. Methods for site investigation 
including those required for this type of work are described in Chapter 15. 
Typical specifications are included in the Appendix. Some of the more 
important features are described below. 


Standard Penetration Resistance 

As a boring is made, the natural condition of the soil is reflected in the 
difficulties encountered in driving a casing and in forcing sampling devices 
into the ground. It is now the practice in foundation engineering to use 
sample-spoon penetration resistance as an index of soil density or consis- 
tency, and a standardized procedure has been developed for driving the 
sample spoon. As explained in Chapter 15 and shown in Fig. 15-7, the 
sampling device or spoon is driven into the ground with a small drop ham- 
mer. For each blow, the hammer is raised and allowed to fall a specified 
distance. The number of blows required to drive the sample spoon 1 ft. is 
then termed the penetration resistance. For what is known as the standard 
penetration resistance, a hammer weighing 140 lb. is used and is allowed to 
fall 30 in. per blow. It is also a requirement that the sample spoon be of 
standard size (2-in. outside diameter) and of the split-barrel type. 

The advantage of using standard penetration resistance as an index of 
soil density or consistency is that this information can be obtained in the 
course of making a routine boring with no additional cost. Samples must 
be obtained in any case, and it is no more difficult to obtain them in a 
standardized manner than by methods which vary from job to job. How- 
ever, even with the prescribed standardization, the measurement of pene- 
tration resistance in this way is not highly accurate, and it has the dis- 
advantage of giving only an intermittent record. For this reason, the 
continuous driving of a cone penetrometer, as described in Chapter 15, is 
sometimes to be preferred. 

Information on the correlation of standard penetration resistance with 
density and soil bearing value is available from a number of sources. The 
Buffalo Code, for example, gives a generalized correlation between standard 
penetration resistance and soil compaction, as shown in Fig. 10-4. Further 
discussion of the subject is given in Chapter 12. 

If any form of penetration resistance is used as an index of the in-place 
condition of the soil, care must be exercised to avoid misinterpretation of 
driving records in coarse-grained, stony soil. When the sample spoon or 


cone penetrometer strikes a stone, a high penetration resistance will be 
recorded even in very loose material. ‘his is true even when the stone is 
struck only a glancing blow. On this account, penetration resistance 


records of roughly 0 to 15 blows per ft, in coarse sand and gravel probably 
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indicate a relatively loose condition, whereas finer materials such as sand 
and silt at about 6 to 8 blows per ft. may be relatively firm. 


Textural Classification 

For years the general practice in soil investigations has been that the 
driller or field man classifies the samples from borings or exposures in pits 
on the basis of visual inspection at the site. While this is satisfactory under 
certain conditions (notably with well-trained, reliable field men), there are 
occasions when such classifications have been inadequate or misleading. 

In respect to determination of soil bearing values, somewhat more 
accurate classification than is possible in the field is often desirable. Dis- 
tinctions between silt and fine sand and between silt and silty or sandy clays 
are significant in some cases, as are differences in the gradation of certain 
soils, and these are difficult to establish in the field. It may also be im- 
portant to distinguish between clays which are highly susceptible to shrink- 
age and swelling and those which are not. Organic or mica content must 
often be established on a quantitative basis. Such classifications can 
scarcely be made in the field even by experts. It is now possible, however, 
to arrange for mechanical analysis and other routine laboratory classi- 
fication tests of typical soil samples with very little cost in addition to the 
footage price for a standard boring. This procedure is therefore recom- 
mended even on routine work. Suitable methods of arranging for such 
tests are described in Chapter 15 and in the Appendix. It may also be 
remarked that an independent classification of typical samples on the basis 
of laboratory tests provides a check on the field work and a means of dis- 
tinguishing between careless and conscientious operators. 


10-22. Presumptive Bearing Values 

Correlation with Soil Classification. Given a complete and reliable soil 
classification established as described above, presumptive bearing values 
may be determined, which are often satisfactory for general use. Such 
values* are presented in Figs. 10-12 and 10-13 in the form of curves which 
give bearing values as a function of soil texture, gradation, and density, as 
indicated by standard penetration resistance. The values represented by 
these curves are for design of conventional spread footings at ordinary 
depths. They should be adjusted for special conditions as explained below. 


Siaty-Degree Approximation for Weak Substrata 

When an exploration reveals the presence of a weak substratum, the 
bearing vale to be used in foundation design must be adjusted to eliminate 
the possibility of overstressing the weak material, The increase in vertical 
stress at the level of the weaker matérial due to the footing and its load 
may be caleulated by methods developed from the previously discussed 


* Those values are based on analysis by the author of a number of municipal building 
codes and of several hundred typical job records, 
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Boussinesq theory. Of these, the one in most common use in practice is 
the so-called 60° approximation,* which was described in Chapter 7. In 
fact, many building codes specify that this method is to be used. 

The possibility of reducing the stress in the weak material by raising the 
footing is of great practical importance under certain conditions. For 
example, as explained in a later section, it is sometimes possible by con- 
structing a well-compacted fill of select material on weak ground to utilize 


a spread footing design when perhaps the only alternative is use of piling 
of considerable length. 


Original Enlarged 
footing footing 













Ay 
Fia. 10-14. Overlap of stress due to footings. 


Group Action of Footings 

Building codes which provide for use of the 60° approximation usually 
stipulate that the area considered as supporting the load (area A» in 
Fig. 10-14) shall not extend beyond the intersection of 60° planes from 
adjacent foundations. When there is such an intersection of planes, or, 
as it is sometimes termed, an overlap of stress, a special problem is created. 
If it is found that the stress on area A» exceeds the allowable bearing value 
of the weak substratum, the situation usually cannot be alleviated by 
increasing the size of the foundation elements above. If the sizes of all 
footings were increased proportionately, area A; would remain sub- 
stantially the same, and the stress at the lower level would be practically 
unchanged. The only effective change which could be made under these 
conditions would be to increase the column spacing or to reduce the total 
column load, P. Functional requirements often make this impossible. 

It will be shown in the following chapter that this situation is much like 
that which develops in estimating the allowable loading which can be 
placed on each pile in a group of friction piles. Piles in groups are almost 
always so closely spaced that there is the same overlap of stress in the soil 


“Generally satisfactory for individual footings providing there is no stress overlap, 


May be satisfactory for certain aspects of the design of mats but this cannot be taken 
for granted, 
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between and below the piles as in the case of the footings described above. 
It is well known that under these conditions the total load which can be 
applied to each pile in the group must be less (sometimes substantially 
less) than that which could be supported by a single pile. 

There is also a similarity between this situation and that which exists 
with a continuous footing for a bearing wall. If the continuous footing is 
thought of as a succession of individual footings, it can be seen that. at 
least longitudinally there is again a condition of stress overlap. Con- 
firming previous statements, therefore, it is justifiable to consider that an 
individual footing, not affected by the loading on any adjacent foundation 
element, has greater supporting capacity than a section of equal area of a 
continuous footing. 

This subject has still further implications in regard to settlement and 
allowable loading and is therefore discussed at greater length in a later 
chapter. It is shown in this later discussion that no matter how carefully 
the individual footings are designed with respect to the behavior of soil at 
footing grade, the intensity and distribution of stresses in a weak sub- 
stratum when there is this condition of stress overlap, may cause objection- 
able settlement in the structure as a whole. This is also of importance in 
planning a subsurface exploration. When there is little or no stress overlap, 
the depth of the zone of significant stress in the ground beneath the building 
is no greater than the depth of the bulb of pressure for each footing, rather 
than being related to the over-all dimensions of the building. As group 
action develops, however, significant stresses are created at greater depths, 
and there is a need for extending the depth of borings proportionately. 


Variation of Ground Water Level ; : 

The effect of submergence of soil on the theoretical ultimate bearing 
capacity has already been discussed. In addition, there appears to be some 
reason for believing that even at conservative bearing values, the settle- 
ment of spread footings is increased by submergence of the supporting soil. 
On both counts, therefore, it is quite advisable to reduce the allowable 
bearing values used in ordinary design when a condition of high ground 
water may be anticipated. ; 

A greater reduction is necessary when the maximum expected elevation 
of the ground water is above the footing grade* than otherwise, since this 
will cause saturation and reduction in unit weight of the surcharge as well 
as the soil below footing grade. When the ground water is not expected to 
rise above footing grade, the amount of surcharge is an important factor. 

For a footing with little or no surcharge and water at footing grade or for 
a footing with a surcharge most of which will be saturated, a reduction of 


* Hydrostatic uplift is an offsetting factor but is not significant unlows a mat founda. 
tion with full waterproofing is to be used, 
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50 percent in ordinary safe bearing values is recommended. If the footin 
has a significant surcharge which is not expected to be saturated a is 
the submergence of soil below footing grade requires that the fenivas wallie 
be reduced approximately 25 percent. 

It is important to realize that there may be some delay in placing the 
backfill around a structure or in constructing basement slabs which will 
constitute the surcharge loading. Therefore, if the ground water has been 
drawn down by pumping during early stages of construction, it may be 
necessary to specify that pumping be continued until all backfilling has 
been completed. 


Surcharge 

The effect of surcharge on the theoretical ultimate bearing capacity of soil 
has been discussed. As an approximation it may be considered that 
the effect of surcharge on the presumptive bearing capacity of granular soils 
is an increase of 21% percent per ft. of surcharge depth. However, this 
increase may not be allowed under certain codes, and in no case is it con- 
sidered advisable to exceed twice the usual design values. 


Field Loading Tests 


10-23. Purpose. Establishment of allowable soil bearing value by an 
analytical procedure and by use of presumptive bearing values has been 
unre re 5 third method for accomplishing this purpose is the 
conduct of field loading tests on yhi i 3 
ee g flat plates which simulate small spread- 

Building codes generally contain provisions relating to the conduct of 
field loading tests as an alternative to use of presumptive bearing values 
However, the code provisions are usually written with one special piEDDEs 
in view. It is assumed that a loading test will not be conducted* unless a 
designer wishes to use a bearing value higher than the allowable pre- 
sumptive value given in the code. Thus the test is conducted for the pri- 
mary purpose of justifying the use of a specific loading value usually re- 
ferred to as the design load, rather than to develop a complete load-settle 
ment diagram. . : 


10-24. Conduct. Typical building code specifications for the equipment 
and methods used for conduct of a field loading test are given in full in 
Appendix II. Briefly it may be said that the test consists of applying dead- 
weight loading f by increments to a suitable bearing plate and obtainin 
appropriate settlement readings. The minimum size of the plate which 
may be used must be specified so that an indication of bearing value 


Y ; : ‘ 
onan tests are relatively expensive and time consuming, 
| No attempt is made to simulate a dead plus variable live load, 
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rather than resistance to point penetration is obtained. In order to 
distinguish between a point loading and distributed loading on a spread 
foundation, most codes require a plate with an area of 4 sq. ft. Codes also 
require that settlement observations be made for each load increment until 
a period of 24 hr. has elapsed after settlement ceases. With these provisions 
established, the ordinary code then requires that settlement observations 
shall be made for the design load and for some specified overload, either 
50 or 100 percent of the design load. Some codes require settlement ob- 
servations at intermediate loads. In addition, there are usually specifi- 
cations providing for proper consideration of surcharge effects and effects 
due to weak substrata. 


10-25. Interpretation. As a rule, the codes specify that the design load 
may be accepted if the settlements under the design load and the overload 
both fall within certain limits. Usually it is specified that the settlement 
under the design load must not exceed a certain amount, often given as 
34 in. It is then specified that the settlement under the overload must be 
roughly proportional to the settlement under the design load. Thus, if a 
50-percent overload is used, it may be specified that the settlement under 
the overload must be no more than 60 percent of that under the design 
load. The theory evidently is that if this second provision is violated, 
there is evidence of soil rupture and of an inadequate factor of safety 
against lateral displacement. 


10-26. Effect of Weak Substrata. As shown in Fig. 10-15, if a standard 
2-ft. X 2-ft. plate is used in a field loading test at a location where there is a 
weak substratum, it is possible that even at an overload of 150 or 200 
percent, the bulb of pressure beneath the plate will not extend to the depth 
of the weaker material. This would be revealed if the stress at the level of 
the weaker material, as calculated by the 60° approximation, proves to be 
negligible. Under these conditions the test will serve only to give an indi- 
cation of the characteristics of the stronger material. If a full-size footing 





Fria, 10-15, Bffeet of weak substratum on resulta obtained from fleld loading teats, 


ee 
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is constructed at the same elevation as the test plate, the bulb of pressure 
which it creates even under the design load only may extend into the weak 
material because of the larger size of the footing. Obviously this is even 
more likely with a mat foundation. This is one of a number “6 situations 
in which results from field loading tests can be seriously in error even when 
the test is conducted in strict compliance with code provisions. As a 
sala rule, it is inadvisable to conduct loading tests under these con- 
itions. 


Alteration of Soil Bearing Capacity 


10-27. Variation with In-Place Density and Consistency. It is ver 
common to find that soil bearing value is regarded as a fixed property of 
particular soil formation, much as particle size and composition are fixed 
for all practical purposes. However, it should now be evident that bearin 

_ value depends very largely on die iheplace detsey andl consistence? oreo 
“and that it is therefore subject to considerable variation. Soil density ma 
be unintentionally altered, either favorably or unfavorably, by sciieitick 
operations; it may be deliberately changed by a planned preconstruction 
program of compaction or consolidation; or it may occasionally be altered in 
various ways after construction. Bearing capacity may also be affected b 
the injection or admixture of chemicals or other additives in the soil Thus 
it is advisable in estimating bearing capacity to report values only for iven 
or existing conditions and to form the habit of thinking of bearing eee 


as a variable which to an increasing degree is becoming subject to improve- 
ment under favorable conditions. 


10-28. Construction Operations 

Granular Soils. Partially saturated granular soils well above the 
ground water are seldom affected adversely by construction operation 
unless they are excavated and rehandled. If anything, they are robe 
ably compacted to some extent by the action of exeavating and chee 
construction equipment. These soils at or below the ground water level 
may, however, be so thoroughly disturbed during construction as to lose 
supporting capacity altogether, at least temporarily. 

One cause of temporary loss of stability is an inadequate or imprope 
method of unwatering an excavation. In some cases, efforts are ede Vo 
extend an excavation at least a short distance below the ground water ed 
without any provision for unwatering at all. Ag the soil is removed upward 
flow of water into the area occurs, causing a quicksand condition a orevi- 
ously explained. Very much the same situation may be orested ‘a at- 
tempts to unwater by pumping from a sump within the excavation area. 
Effective unwatering, as illustrated in Fig, 85, can only be accomplished 
under these conditions by use of wells or well points located ate the 


SOIL BEARING CAPACITY 303 


excavation. Under these conditions water from the surrounding area is 
intercepted before it reaches the excavation, and water initially in the 
area is induced to flow downward and away from the floor of the excavation 
rather than upward and into it. 

Saturated cohesionless silts and fine sands, even if above the ground 
water table and even if relatively firm initially, quickly lose stability under 
vehicles and the activities of workmen. When such material exists in the 
soil profile at proposed footing grade, its bearing capacity must be esti- 
mated in terms of its probable condition at the time of construction rather 
than its condition in nature. 

Clay Soils 

Among the effects which can be caused in clay soils by construction, some 
may be beneficial. The opening of a trench or other excavation in clay, for 
example, will improve the stability of the material when drainage and 
exposure of the soil to sun and air result in drying and stiffening of the clay. 
Any combination of disturbance and incorporation of additional water is 
obviously undesirable, however. The ponding of water in excavations, as 
explained in a later section, can lead to swelling of clay, which sets the stage 
for later shrinkage which can cause settlement and other difficulties. 


10-29. Pretreatment 
Compaction. The many different methods which are available for 


soil compaction are described in Chapter 15. At one time it was con- 
sidered that these methods were useful chiefly in the construction of earthen 
embankments, backfills, and improvement of highway subgrades. It is 
now recognized that a number of these methods can be used to advantage 
for improving the bearing capacity of soil for structural foundations. 

For many years there was a feeling that no structural element should 
be placed on fill, except perhaps a relatively light floor slab. It is by 
adopting soil compaction techniques that it has been found possible to 
construct fills of select material on which entire structures as well as 
heavily loaded floor slabs can be constructed without detrimental setile- 
ment. In fact it is neither difficult nor expensive to construct a fill which is 
of better quality than many natural formations. 

The ability to construct fills on which structures may be placed is an 
important development in the means of utilizing sites where relatively weak 
formations exist for considerable depths. If a suitable fill can be con- 
strueted over the weak ground so that a mat of some 5 to LO ft, thicknoss is 
created, relatively light industrial-type buildings, at least, can be succesi= 
fully constructed on spread foundations, When the alternative is use of 
excessively long piling, this procedure may furnish a very practical solution, 

From the compaction of fills for structural purpores, there has been an 
advance to the compaction of natural soil formations, in Home Ganon lo 


very considerable depths, However, thin is thun far limited chiefly to 
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granular, relatively pervious soils—soils which respond well to vibrat 
compaction. Various types of vibratory rollers and tampers can be eek 2 
the surface in areas where individual footings are to be constructed 4 
compaction by the vibroflotation process to depths of over 50 ft. in gr ' a 
soils under favorable conditions has been accomplished. ann 
This is particularly significant in at least two connections. With respect 
to static loading, the bearing capacity of granular soils we var hoe 
little as 1 ton per sq. ft. for very loose materials to as much as 6 tons = 
sq. ft., or more, for very dense material. Granular materials are assi : ‘d 
low bearing values when loose only because of the prospect of an i 
settlement. Inherently these materials have tremendous supportin ae 
pacity and are very desirable as a base for structural foundaGoni” To 
disregard this high potential bearing capacity simply because the ristaciel 
happens to be in a loose condition is a failure to capitalize on a natu al 
asset of a site. It is equivalent in a way to providing structural eaten 
steel or concrete which are used to only a small fraction of their worki ; 
strength. A further inefficiency is incurred when the potential stren th of 
the on-site, granular material is ignored and piling is brought in and ives 
pasta arb of granular foundation materials is also an effective mnehnd 
se oasis settlement due to vibrations. This subject is discussed in a 


Consolidation 

The term compaction is generally used in reference to a process which 
tends to increase soil density by some form of mechanical action which i 
effect causes remolding or structural changes. Consolidation accom lishes 
the same end result through static loading and expulsion of pore ae 
It is normally conducted with saturated cohesive soils. 

Pretreatment of a structural foundation can be accomplished by ¢ 
solidation if it is practical to create some form of static loading on the ats 
prior to construction and to allow it to act for a significant period of tim : 
usually months. The consolidation process can be accelerated if the 
opportunities for drainage of pore water can be improved. Various me: : 
of accomplishing this are described in Chapter 15. ae 


Chemical Stabilization 

Use of chemicals to solidify soils is a possible form of treatment of soils 
to increase their bearing capacity. As explained in Chapter 15 kavecen 
chemical processes developed for this purpose are inherently ooatl “ad 
would seldom if ever be used for pretreatment of a site. This is acacia 
true when precompaction, preconsolidation, or even conventional ase a 
piling or caissons is possible. It is when underpinning of an existing at ruc- 
ture becomes necessary that chemical treatments sometimes provide , 
solution. Chemical treatments are limited in application not only by eat 
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but, to a considerable extent, by practical difficulties. Most such treat- 
ments involve injection of the chemical in liquid form into the ground. 
lew if any such liquids can be forced into the pores of soil finer than fine 
sand. This limits chemical solidification to granular soils except in the few 
cases where a procedure for mechanical mixing of the chemical with the 


soil has been developed. 


Foundation Loading 


10-30. Code Provisions. The purpose of determining the allowable 
bearing value of soil for spread foundations is, of course, to establish a basis 
for calculation of footing sizes. In order to make the simple calculations 
required for this purpose, it is necessary to have information on loading. 


WEIGHTS OF MATERIALS 
a 


‘ Unit Weight 
Material (Ib. /ou ft.) 
EE 
Brick (face, sandlime, concrete) Masonry... . +++. sees eee eee teres 140 
Brick (Common) MASONTY.... +. 6s cess ee eee eee eT eee eee 120 
Cast i7on. oo... cc ccc cee cece cece eee e ee eeeeeeteeeeseeeeeeraes 450 
Cast stome MASONTY.... 2. eee eee eee eee eter n eens eee n eee nt ees 144 
Cinders, dry in DULK.... 6... e eee cece ence eee etre eee tenner e neces 45 
Cinder fill..........0ccccececcccccceresencceeeeeseeeeececeeeraes 54 
Sand-cinder concrete, fill... 0.6... cece eee eee ete eee e erent ner ees 96 
Sand-cinder concrete, structural... 1.6... cere eee eee reece eee e ees 108 
Stone or gravel concrete, plain.... +... seer cree eres e reer eres 144 
Stone or gravel concrete, reinforced... ....++eeee ere reer rete reece 150 
Common earth, dry and packed... .....+e+eeeeee reer eee ee er eee es 100 
Wet mud. ....cccccccccccccccccccacsscssvovcsersssesecserersers 120 
Granite MASONTY....... cece cece eee eee ence eee e een e neater eee ee sees 170 
Limestone MAaSONTY....... eee e cece eee e eect nent ee eeeeteeneeeeeeee 160 
Marble masonry......-seeeceeeeee enero re eeeeereear sean se ee eens 160 
Sandstone Masonry... .. ss seeee reese eee eneeeeneereneeenaeeeeees 145 
Bee. cca cca garaede weds 16s outs OH 08 CORTE THO 101 8d OF CU HG OEE 490 
Timber. ..cscocccscccvccccvccevcvcvreesseeesenveseoeuernerorens 40 
Water. ..ccscccccscccccvcrccscvcvscvvessorerveresseesseeanrnees 62.5 
(Ib./aq. ft.) 
Plaster on metal lath exclusive of furring. «+ +++. ceeeeeonceceeveouns 8 
6 


Roofing, tar, and Gravel... sss cce eee ee eee ee eevee Een e enero en enEeS 


TT 


Kia, 10-16, Unit weights of structural materials, 
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Fe te a a Tie Sag ga 


Occupancy Loading 
(lb./sq.ft.) 
SSS e 
Domestic occupancy...........00... 000005 
Office buildings (first and basement floors)........ . ateeate age ia 
Office occupancy (above first floor)....................000 0s 
Chureh auditorium. ............0cesecceesececcc cl i 
eesti 2.3 dsp natin bec) be ean lek es 
Theatre auditoriums and assembly halls.....................) a 
Teeth RE es toutes cle oheh ig) yn eke. i 
Public ocoupancy.......0eleececseeslescccceces ee in 
Fe ne neo a olen eee 100 
POE NEL RIOR ENS EER GRY A PERRI SOSA Ho Male desahe tn a niee 150 
Corridors 
In theatres and serving assembl 
Vy halls)s... is s'0s oe oe pots 
Ia sohool buildings: «Cs veecveccacivacodehvld Giseccehinceia. Te 
Fire escape and exterior balconies 
In theatres and serving assembl 
LY Dalle tetas axle a a's : 
In other buildings. .............cseseceeseeseccccee ee i 
ee 
For light merchandise, first and basement floors........... 100 
For light merchandise, above first floor, including mezzanine......... 75 
For heavy merchandise, all floors.......0..0-0.cccee00-2..... 0... 125 
Storage 
Light storage. .... 2.2... .cccce cece eenaeee 
Hasity stories. 0'd0sc0sdcnseccalssauasde ssa sideilace cccccee.. eb 
Manufacturing 
Light manufacturing................00.0222025 
Intermediate manufacturing................-2.2. 2-200, . 
Heavy manufacturing...........0.0.2.0-000-000- eee cee 0 
Hain Winches tee aM Ae Le poe te eta hy 
Bini deranieva eocnamiwonieercllgaubic he oe oe! i 
wails cradinwerins doe Sabiactirecauilaid tae d 5 
Garages 
Class Ae oa ceed uiiSe cnet ence oo eee ds 
ONE orphasencchic wit Meiaeehacy gietn oh ie bie DD 
COTO dialcnalbnn Sewbigastiue oan Guennaees ead, es “4 
FI aN ao opto ys eee aac, ee, 
SOW AIAN: cc ccan kisoalaas ndidag caps MMMM ess. avdcod, ceckasie oe 
DHVOWAYE. «cs .0esesssevs0rs0sspitillitee ocoscccce cuodenee = 





Fia. 10-17, Live loads assigned by codes for various occupancies, 
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In general practice, the loads on foundations are calculated according to 
the provisions of applicable building codes: Usually it is specified that 
the loads to be used for foundation design are the dead and live loads of the 
structure plus the weight of the foundations themselves. Typical code 
provisions pertaining to loading are discussed below. 


10-31. Dead Loads. The 1954 Boston code states (Part 23, Sec. 2302-a): 
“The dead loads of a building include all the forces due to weight of the 
walls, permanent partitions, floors, roofs, framing, and all other permanent 
stationary construction entering into and becoming part of the building.” 
Other codes contain very similar provisions. 

The total dead weight is calculated from the unit weight of the individual 
components of the structure. For this reason a number of codes contain a 
listing of the unit weights of common building materials. The listing con- 
tained in the above referenced Boston code is reproduced in Fig. 10-16. 


10-32. Live Loads. Building codes generally define live loads as ‘‘all 
loads other than the dead loads.” As previously stated, these loads are 
very difficult to estimate. The location, distribution, and magnitude of 
live loads are all subject to wide and unpredictable variation. For this 
reason, arbitrary values are given by the codes for structural design pur- 
poses, these values representing in general the most severe loading condition 
which is anticipated. 

Live loading on floors is established on the basis of the intended occu- 
pancy of the structure. Allowances for various occupancies as provided by 
the Boston code are given in Fig. 10-17. From this tabulation it will be 
noted that 250 lb. per sq. ft. is the highest loading which is listed. However, 
even higher loadings are actually developed in certain industrial buildings. 
The loading due to storage of rolls or sheets of paper in paper mills may, 
surprisingly enough, be as much as 500 to 600 Ib. per sq. ft., and the loading 
on the floors and in the storage yards of steel mills or fabricating plants 
may be of equal or greater magnitude. 

For purposes of foundation design and the design of certain structural 
members above the foundations, many codes permit a reduction in the live 
loads on the theory that it is quite unlikely that the full live loading will 
ever be developed simultaneously on every single square foot of available 
space in the entire building. The provisions of the Boston code for re- 
duction in live loading are reproduced in Fig, 10-18. Live loading which 
has been reduced according to such provisions is often referred to as the 
probable live loading. 

In addition to the provisions relating to-live loads on floors, all codes 
have provisions for roof loads, Roof loads vary with conditions which 
affect the accumulation of snow and ice, A common provision in lomperate 
zones is 80 Ib, per aq, ft, of horizontal projection. 
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Occupancies for In Members 

Which Prescribed Supporting Trib- In Members 
Live Load per butary Areas Supporting Stories 
Square Foot of More than— to Number of — 


125 lb. or less 


Over 125 lb. 
(except garages) 


Garages, 
all classes 


Two-way and flat 
slabs, all occupancies 





Fig. 10-18. Provisions for live-load reduction. 


Finally, provision must be made for wind loads. This is of importance 
both in the structural design and in the foundation design. Especially 
with tall buildings, towers, large advertising signs, and the like, wind loads 
may cause significant variations in the loads on foundations—variations 
which in some cases include change from pressure to a condition of uplift. 


10-33. Gross and Net Loading. Few codes make reference to the loading 
or alteration in loading which may be created by preconstruction grading 
operations. Filling, at least in the past, has been rather uncommon as a 
preliminary to construction on a building site. Excavation, however, is 
very common. It is evident that excavation reduces the existing body 
stresses in the foundation materials and thereby reduces the net increase in 
stress caused by erection of a structure of given gross weight. This is a 
matter which deserves recognition in a settlement analysis, and it is given 
further mention in Chapter 12. It is the usual practice in proportioning 
footings, however, to disregard stress reduction due to excavation and to 
provide a sufficient footing area to support the gross load. The gross load 
as used in this text refers to the dead plus probable live load. The net 
load is the gross weight of the structure less the weight of excavated soil. 

10-34. Footing Grade. In addition to having complete information on 
footing loads, the designer obviously needs to know the proposed footing 
grades. This information is required in calculating footing surcharge and 
in locating the soil stratum in which each footing will be constructed. 


Settlement Not Related to Static Loading 


10-35. Freezing and Thawing 
Frost Susceptibility. In climates where freezing and thawing is a 
possibility, it has become so much a matter of routine to place structural 
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foundations below the depth of frost penetration that extensive discussion 
of this subject is considered unnecessary. Brief mention is made, however, 
cial aspects of the subject. 
* ies eee is a matter of great importance in highway and airfield 
engineering. Studies made in this field, as described in Chapter 18, indicate 
that while the moisture in all types of soil is subject to freezing and thawing, 
significant frost heaving occurs only in certain soil types. On this basis 
soils are described as being either frost susceptible or not. There are certain 
situations in foundation engineering when it may be desired to distinguish 


between the two soil types. 


Grade Beams A 
As shown in Fig. 10-19, in developing a design for an exterior building 







Depth of . 
frost penetration 


Sec, X-X 


Fia. 10-19. Frost heaving with grade beam construction. 





wall, spread footings may be used at column locations with grade beams 
between to carry the wall. This is an alternate to using a continuous 
foundation wall and footing. With grade-beam construction, the footings 
may be located well below the depth of frost penetration, but freezing ~~ 
oceur in the soil under the grade beam, Chis possibility should be con- 
sidered in weighing the advantages and disadvantages of this dosign, ae 
frost heaving could create stresses of considerable magnitude in the grade 
beam and its connections to the piers. Classification of the soil with ~_ 
to frost heaving tendencies may, therefore, be required in the course of site 
investigations for certain structures, 
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Slab on Grade 

When a structure is to be supported on a mat or, as in the case of certain 
dwellings, on a floor slab constructed on grade, there is a question as to the 
need for a foundation wall or other protection at the outer edge to prevent 
frost penetration under the slab. This is not a matter which can readily be 
analyzed, but experience indicates that peripheral foundation-wall a 
struction is unnecessary when the soil is not a frost-susceptible type. 

10-36. Shrinkage and Swelling 

‘N ecessary Conditions. The problem of settlement due to shrinkage 
arises only under certain special conditions. However shrinkage ts 
cause settlement far greater than that due to properly resthicted ane 
loading. The circumstances which may lead to this type of settlement are 
enumerated below for reference in checking a foundation design. 

It is evidently a requirement that the supporting soil must be a clay- 
type material if shrinkage is to be a consideration. Visual classification 
may be sufficient to indicate when the soil is definitely not a clay, but 
mechanical analysis and very often Atterberg limit tests are ‘ndispencible 
when the soil exhibits any clay characteristics. Soil with 25 percent or 
ae material with particles finer than 0.002 mm. in the minus No. 10 
oa ai be regarded as capable of giving trouble as a result of 

A second consideration is that in order to create a. problem, the soil at 
the time of construction must be at a water content which is appreciably 
higher than the shrinkage limit. It is in this respect that the possibilit 
of shrinkage may easily be overlooked, since prior to construction the 
natural water content may not be high enough to attract attention. How- 
ever, when an excavation is opened, it is not uncommon for surface water 
to collect in the open area resulting in water intake and swelling of soil at 
footing grade. With clay soils this is very objectionable. 

Finally, conditions must be such that after construction there is oppor- 
tunity for loss of water by evaporation from the soil which supports the 









™ Paved 
basement 






____ Ground water. 


Fra, 10-20, The possibility of settlement due to shrinkage of soil in erawl apace aren, 
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foundations. An open crawl space or any unfinished, enclosed ground area 
provides this opportunity. Open crawl-space construction is illustrated in 
Fig. 10-20. Especially when hot water lines, steam mains, or returns are 
located under the floor in these areas, evaporation and loss of moisture may 
be expected. General shrinkage of soil in the enclosed area and settlement 
of foundations, especially interior column footings, will occur under such 
conditions. This settlement will be particularly objectionable if, as shown 
in Fig. 10-20, it occurs in a section of a building which is structurally con- 
nected to a section with a full basement having a floor on grade which 
prevents loss of moisture from the soil beneath. 


Amount of Settlement 
Procedures for calculating the amount of settlement caused by shrinkage 


are described in Chapter 12. In principle, such calculations are based on 
estimating settlement as a function of the difference between the void 
ratio at natural water content and that at the undisturbed shrinkage limit. 
As a matter of general information, it may be said here that the order of 
magnitude of such settlement can easily be as much as 3 or 4 in. in addition 
to the settlement, if any, which is caused by static loading. 


Prevention 
Since adjustment of design loading has no effect on settlement due to 


shrinkage, the only recourse when excessive settlement is in prospect is to 
modify the design so that shrinkage is prevented or so that it will not affect 
soil which supports structural foundation elements. 

If a crawl-space design like that in Fig. 10-20 is to be used, shrinkage can 
be minimized or eliminated by sealing the exposed ground surface. Various 
membrane-type construction materials, such as the impregnated felt used 
for waterproofing, can be used in this way. As an alternative, footings or 
piers can be extended to depths below the range of shrinkage effects. In 
many cases it may be possible to insure that at the time of construction 
the soil at and below footing grade is at a water content which does not 
greatly exceed the shrinkage limit. If this can be done, no ground covering 


is required. 


10-37. Vibrations 
Cause and Effect. It is generally recognized that the transmission of 


shock or vibrations to relatively loose, granular soil results in an increase 
in soil density. As explained in Chapter 14, this principle is utilized to 
advantage in compaction operations. When the vibrations are transmitted 
to the soil by structural foundations, however, the settlement which ac- 
companies the increase in density may be quite objectionable, As in the 
case of shrinkage, settlement due to. vibrations may have little apparent 


relation to the intensity of static loading, 
Vibrations are induced in structural elements by the operation of many 
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types of machines and equipment with continuously moving parts. Tur- 
bines, air compressors, generators, motors, and many similar devices are 
examples. Shock may be created by a number of kinds of presses and 
stamping machines. Combinations of vibration and shock may result from 
the movement of gantry or other types of traveling cranes, trucks, cars, and 
the like within a building and from the passage of trains and vehicles out- 
side. Construction operations, especially pile-driving, in an area adjacent 
to an existing structure may be a source of trouble. The possibility of 
earth tremors or heavy shock can seldom be completely disregarded. 

When there is the prospect of shock or vibrations from any source in or 
near a structure founded on granular soil, some consideration should be 
given to the possibility of excessive settlement. The effect of vibrations 
on cohesive soil on the other hand is not usually regarded as cause for 
concern in regard to settlement. 


Wave Propagation 

The vibrations transmitted to soil by structural foundations and vibra- 
tory soil compactors constitute periodic impulses which are applied normal 
to the ground surface. They create what are termed compression or longi- 
tudinal waves. In a continuous solid, liquid, or gas the characteristic feature 
of such waves is that particles of the material which are in vibration move 
back and forth in the direction of advance of the wave instead of oscillating 
at right angles as in the case of transverse waves. At any point, this action 
creates first compression and then rarefaction or expansion of the medium. 
The forward movement of a zone of compression (or expansion) is in fact 
what is referred to as the wave movement. 

To what extent a similar result is created in a discontinuous, particulate 
material—especially one like soil which is a complex of solid, liquid, and 
gaseous phases—is not clearly established. There is ample evidence how: 
ever, that whatever the mechanics of the movement, the result in granular 
soil is an increase in over-all density and settlement of the ground surface. 
This effect is to some extent related to the frequency of the vibrations. 

Resonance 

When an object is struck a single blow it begins to vibrate. The number 
of vibrations in unit time is termed the frequency of the vibrations, cus- 
tomarily given in cycles per second. The frequency of the vibrations pro- 
duced in this way varies in different objects, each object tending to vibrate 
at what is termed its natural frequency. Vibrations due to a single blow 
cease very rapidly under ordinary conditions. However, if periodic im- 
pulses are imparted to an object, it can be kept in vibration indefinitely. 
In this case the object is forced to vibrate at a frequency established by the 
number of impulses which it receives in unit time. The amplitude or dis- 
tance through which vibratory motion oceurs may thereby be affected. 
As the rate at which impulses are applied approaches the natural frequency 
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of the object, the amplitude of the vibrations usually increases. When the 
forced vibrations occur at approximately the natural frequency of the ob- 
ject, it is said that a state of resonance has been reached. Under these 
conditions the amplitude of the vibrations becomes a maximum. 

When vibrations are applied to a granular soil either by structural 
foundations or vibratory compacting units, it is apparently significant 
whether resonance is reached or not. Over relatively short periods of time 
it has been observed that greater settlement occurs at resonance than when 
the frequency of the forced vibrations differs significantly from the natural 
frequency.* There is, however, no convincing and well-established proof 
that nonresonant vibrations will not cause detrimental settlement if con- 
tinued for a sufficient length of time. Thus, while resonance is evidently 
important in soil compaction, where it is desired to accomplish a maximum 
offect in a minimum time, settlement analysis may require consideration of 
both resonant and nonresonant vibrations. 


Extent of Vibratory Effects 

Even when a vibratory compactor is operating at a resonant frequency, 
there is a limit to the extent of its compacting effect. Some of the most 
officient surface vibrators produce no measurable increase in soil density 
below a depth of approximately 5 ft. This and other field observations 
suggest that the extent of vibratory effects may be of the same order of 
magnitude as the depth and lateral extent of the bulb of pressure created 
by static loading. As a rule of thumb, therefore, the depth and lateral 
extent of vibratory effects may be taken as approximately equal to the 
breadth of the area which transmits the vibrations to the soil. 


Settlement Estimate 

For many practical purposes it is advisable to assume that continued 
vibration will eventually cause settlement due to compaction of the soil 
within the above stated depth and lateral extent when the relative density 
of the soil is initially less than 75 percent. The order of magnitude of the 
prospective settlement can then be estimated as a function of the change 
in void ratio of the soil from the initial, in-place value to the value at 75 
percent relative density.t 

In loose, cohesionless soil formations, of considerable depth, the amount 
of settlement which can be caused by vibrations may be as much as 6 to 
8 in. 

Prevention of Settlement 

A certain amount can be accomplished in the way of reducing the effect 
of vibrations by providing specially constructed equipment mountings. 


* The natural frequency of soil formations is reportéd to be between 20 and 26 cycles 


por sec, 
{ For very conservative oatimates, relative densities up to 100 percent may be assumed 


ae the limiting condition, 
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However, these do not often eliminate the vibrations completely. It is, 
therefore, considered necessary in some cases to provide independent 
foundations for vibratory equipment. Often piling is used to support such 
foundations. 

An alternative is to compact the soil prior to construction. This can 
now be accomplished by vibratory compaction methods described in Chap- 
ter 14. This procedure is worth consideration when it is competitive with 
piling on a cost basis. 


PROBLEMS 


10-1. Define (a) ultimate bearing capacity, (b) tolerable settlement, (c) allowable 
bearing capacity, (d) presumptive bearing capacity. 


10-2. A continuous wall footing is to be constructed at a depth of 4 ft. below the 
ground surface on either side. The proposed width of the footing is 4 ft. The soil 
above and below the footing has a unit weight of 120 Ib. per cu. ft., a friction angle 
of 18°, and a unit cohesion of 400 lb. per sq. ft. What is the ultimate bearing ca- 
pacity of the soil for these conditions? 


10-3. What are the maximum allowable presumptive bearing values of the follow- 
ing types of soil according to the Buffalo, New York, Building Code: (a) Loose 
fine sand? (b) Loose medium sand? (c) Medium clay? (d) Compact sand and 
gravel? 


10-4, An individual spread footing is to carry a column load of 128 kips. The soil 
at footing grade has a maximum allowable presumptive bearing value of 4 tons per 
sq. ft. At 4 ft. beneath footing grade is a substratum with a maximum allowable 
presumptive bearing value of 1000 Ib. per sq. ft. What is the minimum allowable 
area for the footing? 


40-5. Yn a large industrial building the interior columns are on 20-ft. centers 
both ways. Each column is required to carry a total load of 400 kips. The soil at 
the usual footing grade has a maximum allowable presumptive bearing value of 2 
tons per sq. ft. At a depth of 12 ft. there is a weak substratum with a maximum 
allowable presumptive bearing value of 800 lb. per sq. ft. Can spread footings be 
used to support these columns, and if so, what is the minimum allowable area for 
each footing? 


A large footing and a small footing are proportioned so that each has the 
same factor of safety against exceeding the ultimate bearing capacity of the soil. 
Is it to be expected that they will settle equally, and if not, which will experience 
greater settlement? Explain. 


10-7. Two footings of different size are proportioned so that they settle equally. 
Do these footings have the same factor of safety against exceeding the ultimate 
bearing capacity of the soil, and if not, which has the greater safety factor? Explain. 


10-8. Two footings of different size are proportioned so that the loading in- 
tensity (load per unit of area) on each is the same, Is it to be expected that they will 
settle equally, and if not, which will settle more? Hxplain. 
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10-9. The interior columns in a building designed for heavy storage are on 20-ft. 
centers both ways. The building has six floors and a roof, all of which are struc- 
turally supported. The floors are 8-in. reinforced concrete slabs. The dead weight 
of the roof is 50 lb. per sq. ft., and the live load 30 lb. per sq. ft. Neglecting the 
weight of the column itself and the footing, calculate the total loading to be used for 
proportioning the column footings. 





CHAPTER 11 
PILE FOUNDATIONS 


11-1. Function. When the soil at and below the level where a spread 
foundation would normally be placed is unsuitable in some respect a a 
spread-foundation design, and when it is impractical or uneconomical to 
improve the soil sufficiently by any form of pretreatment, it is evident that 
the weight of the structure must in some manner be transmitted to soil at 
greater depths or to rock. Foundation elements known as bearing piles or 
caissons are used for this purpose. Although very different in appearance 
and construction from spread foundations, as explained below, piling per- 
forms the same function, namely, transmitting loading to Se oto 


or rock formation. In perhaps the majority of cases the loading which can 


be applied to a pile depends more on the characteristics of the soil in which 
the pile is embedded and the soil or rock beneath the tip than it does on 
aerial of the pile. Piles, like footings, seldom fail under static 
oading.” It is the soil to which the loading is transmitted whi i 
danger of being overstressed. ecetch may bein 

11-2. Means of Load Transfer 

M ain Classifications. Bearing piles of all types are divided into two 
main classes depending upon the manner in which they transfer loading 
to the soil. These are friction and end bearing piles. Although these desig- 
nations appear to be self-explanatory, the following discussion may be in 


order. 


End Bearing Piles 
When a pile or caisson is driven to firm bearing on a relatively hard soil 
or rock formation through material with little or no penetration resistance 
_it is said to be end bearing. Under these conditions the pile functions for all 
practical purposes as a column. It is assumed to derive no vertical support 
from the material in which it is embedded and to deliver its full load, un- 
diminished, to the material at the tip. However, it is often assumed ‘that 
the material surrounding the pile provides significant lateral support and 
that the column strength} of the pile is thereby increased. End bearin 
piles are usually characterized by a fairly constant cross-section rather thal 





; Fenecpertick et ae ae been deseaeed or displaced during driving 

things, this reduces or eliminates the need for rei i 
wee hing on t) sd for reinforeeme ’ 
in-place concrete piles intended to carry axial loading only, Sides al 


a16 
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End Bearing Pile Gow Caisson Pile 
(2) (6) 


Fig. 11-1. End bearing piles and caissons. 


being tapered like friction piles. This situation and the stress distribution 
in the material at the pile tip is illustrated in Fig. 11-1(a). 

material at the pile tip, as in the case of rock for example, the strength of a 
single, end bearing pile and_of individual piles in a group would be the 
same, even when the latter are closely spaced. 7. 

Pile caissons, such as the Gow caisson illustrated in Fig. 11-1(6), function 
like end bearing piles but are necessarily of considerably larger diameter, 
since instead of being driven they are formed in an excavation which is 
extended to a firm bearing stratum. This type of construction makes it 
possible when soil conditions permit, to widen the bottom of the caisson to 
provide an increased bearing area. When these caissons are hand excavated 
(rather than machine excavated) the surface of the bearing material can be 
thoroughly cleaned and inspected. This has obvious advantages. Founda- 
tion elements of this type are fully efficient only for large, concentrated 
loads capable of stressing the caisson material to its full capacity. 

Friction Piles 

The designation friction piles was obviously adopted to indicate that at 
least a part of the loading on the pile is transmitted to the soil through skin 
frietion® at the pi is designation, although adequate as a 
means of describing the initial stress transfer from the pile to the soil, may 
be somewhat misleading in its implications as to the ultimate load-carrying 
capacity of the pile. For example it is possible during or after driving to 
create so much skin friction that the full strength of the pile material can be 
developed or exceeded at least temporarily, and yet to find that the pile 
has a very limited safe working load. ‘The safe working load depends on 
the characteristics of all the soil within the zone to which the pile transmits 


must be underatood to inelude the 
he pile surface through adhesion, 








*'The term frietion, when used in this connection 
development of resiatance to tangential atrean att 


. 
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(2) (6) 


Fig. 11-2. Friction piles. 





stress, not merely the soil in immediate contact with the pile. This concept 
is illustrated in Fig. 11-2. 

A friction pile with characteristically tapered sides is illustrated in 
Fig. 11-2(a) for one rather extreme set of conditions. Here it is represented 
that the pile is driven for its full length in material with at least enough 
strength to develop significant resistance to tangential stress at the pile 
surface. The material at and below the pile tip is represented as having 
virtually no bearing capacity whatever, such as a very soft, organic clay. 
Here it might seem is a perfect example of a friction pile, since all load 
transfer is by means of skin friction, and end bearing is zero. However, it is 
evident that the load which is transferred by skin friction to the soil ad- 
jacent to the pile must in turn be transferred by the soil to the weak sub- 
stratum below the pile tips. While the exact | distribution of stress on the 
substratum may be difficult to define exactly, it is sometimes assumed that 
the total load on the pile is distributed over an area defined by lines des- 
cending at 60° with the horizontal from the point where the pile enters the 
__ bearing material. A single pile driven under these conditions may therefore 
serve to reduce the stress at the level of the weak substratum. However, 
a spread footing would have been even more effective for the same purpose, 
and the footing would transfer load by direct bearing on the top of the 
load-carrying soil interval rather than by skin friction. It is under these 
conditions that the long-term performance of single piles and pile groups 
under static loading depends almost entirely on the behavior of the soil at 
the pile tips rather than on skin friction, even though the latter may be of 
considerable magnitude, 
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When properly utilized, friction piles are driven in material which, 
though it may be relatively weak, is either relatively uniform with depth 
or which increases somewhat in strength with depth rather than being 
driven to a point where the soil has little if any supporting capacity. Thus 
a friction pile—again if properly utilized—transmits part of its load to 


the_soil through skin friction, and, the tip necessarily being driven to 
reasonably firm material, a part through end bearing. Skin friction alone 


will not suffice. This is illustrated in Fig. 11-2(6). 

“Unlike the end bearing pile, the total compression in a friction pile di- 
minishes with distance downward from the head of the pile. The decrease 
in cross-section of a tapered pile, therefore, does not limit its load-carrying 
capacity. 

11-3. Composition. Piles are further classified according to their com- 
position. The principal materials of which piles are made are wood, steel, 
and concrete. Under certain conditions a single pile may be constructed in 
two sections of different composition—one of wood for example, the other of 
concrete. These are termed composite piles. Controlling factors in speci- 
fying pile composition are the nature of the soil and the nature and elevation 
of the ground water. However, the availability, cost, and load-carrying 
capacity of the different types of piles are also important factors. Some 
of the more important considerations are discussed below. 


Wooden Piles 

Wood piles of many varieties and sizes are available, but their availability 
and cost vary to such an extent that it is difficult to make any generali- 
zations. Southern pine and Douglas fir are common types, the former being 
procurable in quantity in lengths up to 65 ft. and the latter in lengths up to 
90 ft., and over. Locally, other types are in use—cedar (which is known for 
its resistance to decay), oak, and other hardwoods. 

Wood piles as a rule are used in permanent work only when it is reason- 
ably certain that the entire pile will remain completely submerged, since 
the wood deteriorates rapidly above water. However, treated piles may be 
used in some cases. In areas where suitable wooden piles are readily 
available, their low cost* may give them a considerable advantage over 
other types. Low cost and availability of wooden piles in considerable 
lengths often justify their use in the construction of composite piles when 
relatively long piling is required. 








Concrete Piles 

Concrete piles vary significantly as to the manner in which they are 
constructed. They may, for example, be either precast or casteineplace, 
A precast pile, as illustrated in Fig, 11-8(@), is often a solid, reinforced 

"In comparing the cout of wood with other types of piling, the coat due to wastage 


involved in outting wood piles to length after driving and coat in the outoff operation 
must be considered=-eapecially if the cutoff grade la below water, 
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concrete member which is formed and cured in a horizontal position. 
During driving, the head of the pile is protected with a cap. Driving may 
be facilitated by jetting provided this operation is satisfactorily controlled. 

Precast piles, instead of being solid, as described above, may also be 
constructed as hollow shells. In some cases, the reinforcement in such 
piles is prestressed. Centrifugally cast hollow concrete piles, which are 
high in density, strength, and durability yet relatively light in weight, 
are also used. Solid precast concrete piles have been constructed in lengths 
over 120 ft. and centrifugally cast hollow piles in assembled lengths of as 
much as 200 ft. ; 

Cast-in-place concrete piles may be constructed by forming an unlined 
hole in the ground, as by auger boring, and filling it with concrete. This 
operation does not involve pile driving,* a feature which may be an ad- 
vantage in working in the immediate vicinity of an existing structure. It is 
unsuitable when the auger hole must be extended below ground water or in 
caving soil. When a means of keeping the ground open is required, a metal 
tube or shell may be driven into the ground and then filled with concrete, as 
shown in Fig. 11-3(0). Shells are available with such strength that they 
do not require internal support during driving. When a lighter material 
is used, the shell is first drawn over a heavy mandrel and then driven into 
the ground. The mandrel is withdrawn after the driving operation and the 
shell is filled with concrete. This operation makes possible a saving in the 
cost of the shell but may require heavier driving equipment. On small jobs 
especially, there is usually an advantage in using shells which do not re- 
quire support during driving or in other methodst which eliminate the 
need for short term use of heavy equipment. 


Composite Piles 

Composite piles, which are illustrated in Fig. 11-4, are usually a com- 
bination of a relatively long wooden pile as the lower section and a shorter 
upper section of concrete. The purpose of this construction is to take 
advantage of the relatively low cost of long wooden piles as compared with 
other materials and yet to extend the pile above ground water, where a 
wooden pile would be unsuitable. The cost of construction is such that 
there is not much advantage in these piles unless the length of the wooden 
section is considerable, say 50 ft. or more. 


Steel Piles 

Steel piles are usually either a structural H-section or steel pipe, the latter 
being filled with concrete after being driven, Because of the relatively 
slight section of pile material as compared with wood or concrete piles, 
steel H-piles are sometimes called nondisplacement piles, although more 


"See first footnote on page 838, - 
{ Uno of a hammer core is an example (see “Hammers’’), 
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Fic. 11-4. Composite pile. oe 


often than not, the wedging of soil between the flanges even in clay forma- 
tions causes as much displacement as there would be if th i 
naan: e whole section 
Because of their high strength, steel piles are desirable for use as end 
bearing piles. At one time it was in fact considered necessary to restrict, 
them to such use because it was believed that their straight sides and 
relatively smooth surfaces made them unsuitable for developing skin frie- 
tion. It has been found, however, that H-piles function as well under 
friction as any other type pile, even in soft clay, where, presumably, the 
get ee develops through adhesion between the clay and the 
steel is equal to or greater than the shearing strength attribu 
hesion within the soil itself. . ae ee 


11-4. Pile Caps. As shown in Fig. 11-5, building loads are transferred 
to the heads of the piles through a structural element known as a pile 
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Fic. 11-5. Pile caps. 


cap.* Although pile caps resemble spread footings and are often con- 
structed in contact with the ground, it is not common practice to consider 
that they derive any direct support from the soil. It is not uncommon in 
fact to find that after construction the soil settles away from the underside 
of the pile cap, leaving a significant gap between the soil and the concrete, 

On this account pile caps must be reinforced for concentrated loads at 
each pile location rather than for the more or less evenly distributed loading 
which acts on a spread footing. Like footings, pile caps under bearing walla 
may be continuous. Individual pile caps are used under columns, 

The size of pile caps obviously depends on the number and spacing of 
the piles in a group. Minimum spacings are usually ontablished by build. 


*'The pile cap should not be confused with the driving cap used for proteation uring 
pile driving. 
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ing codes. Thus one consideration in selecting piling is that use of a large 
number of relatively cheap but low-load-capacity piles may involve an 
excessively large and costly pile cap. 


Pile-driving Equipment 


11-5. Pile-driving Rigs. The equipment used for driving piles and pile 
skells is referred to as a pile-driving rig. It usually consists of a crane with 
a set of guides, known as leads, for the pile and for the hammer, as shown 
in Fig. 11-6. When a steam hammer is used, a boiler or stearn generator 
isalso required, and this is often mounted on the crane and becom t 
of the rig. vom 

Innumerable variations of this arrangement of equipment are possible 
Irstead of a crane some relatively simple form of hoist and derrick may ba 
used . The leads may be fixed by a strut at the lower end either in a vertical 
position or at some inclination with the vertical for driving batter piles 
They may also be suspended without any strut, in which case they and 
krown as swinging or hanging leads. The steam boiler obviously may 
ormay not be mounted on the crane. It is with respect to the hammer 
hewever, that engineers are usually most concerned. The principal t ef 
of hammers are therefore discussed below in some detail. = 

11-6. Hammers 

Basis for Classification. Pile-driving hammers may be classified as to the 
soirce of the energy with which they strike the pile. On this basis there 
are two main classifications. One includes hammers in which the strikin 
part, after being raised in one manner or another, falls relatively freely 
on the pile. The other group includes hammers in which the downwall 

motion of the striking part is accelerated in some manner, as by steam or air 
pressure. In the first category are drop hammers, single-acting atcani hai 
mers, and diesel hammers. The second group consists of double-acti 
anl differential-acting steam hammers. — 
dach type of hammer in these two main groups is available in a number 
of different sizes and operating speeds. However, for a given size ant 
type of pile, there are a relatively limited number of hammers whicl a 


. I ‘ 
particularly adapted to most effective and efficient use. "| 


Drop Hammers 

A drop hammer is simply a heavy weight which can be raised t 
of she leads and then allowed to fall freely on the driving aacine a 
pile. Sometimes provision is made to trip the hammer at the top of its 
travel so that in falling it does not lose energy by overhauling the hoistiil 
line, the winch, and the hoisting sheave. Although drop hammers are " "| 
nov widely used, reference is made to them quite frequently in developial 
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Fia, 11-6. Pile-driving rig. 


equations for the penetration resistance of piles during driving, a subject 
which is discussed in a later section of this chapter, 


Single-acting Steam Hammers 

The construction of a single-acting steam hammer ia illustrated in 
Fig. 11-7, It has two main parts or assemblies, namely, the ram and the 
casing. In operation the hammer is placed in the loads so that the ram 


. 
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Vulcan Iron Works 
Fig. 11-7. Vulcan No. 1 single-acting steam pile hammer. 


moves up and down while the casing and anvil block rest on the pile. The 
ram is raised by steam (or compressed air), which is admitted to the casing 
at the beginning of the upward stroke. As the ram reaches the top of its 
travel, however, the steam is cut off; an exhaust port in the cylinder is 
opened ; and the ram falls of its own weight. While considerably more 
rapid in action than most drop hammers, the single-acting is slower than 
the double-acting steam hammer and usually has a longer stroke and 
heavier ram.* These are characteristics which make it quite desirable for 
many types of work. 

The ram weight for single-acting hammers in common use is of the order 
of magnitude of 5000 to 10,000 Ib. and the stroke is approximately 2 to 3144 


*A special single-acting steam hammer (known as a hammer-core) desi 
oe bing | er | ned to o 
inside the mandrel which is used in driving shells for cast-in-place an has alot heal 
developed (by the Raymond Concrete Pile Co,), Une of this equipment eliminates the 
need for a heavy pile-driving rig for driving shells supported by a mandrel, 





PILE FOUNDATIONS 327 


ft. Operating speeds are approximately 60 strokes per min. The hammer 
energy is calculated as the product of the weight of the ram and its stroke 
with suitable corrections for efficiency. 





Diesel Hammers 
Like the single-acting steam hammer, the diesel hammer, as shown in 


Fig. 11-8, consists chiefly of a heavy ram and casing. This hammer is 
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McKiernan-Terry Corp. 
Principle of Operation 

(a) Ram B is raised by crane operator with load line A and then allowed to fall. On 
downward stroke, ram actuates a metering pump C which delivers a measured 
amount of fuel into cup in anvil block D. 

(b) Fuel is atomized by blow of ram striking anvil block and ignited by heat of the air 
which was compressed by the falling ram, 

(c) Explosion drives ram upward and presses anvil block downward adding to impact 
of blow delivered by ram. 

(d) During upward movement of ram, exhaust ports HF wre opened and exhaust gases 
scavenged, Exhaust ports close on downward stroke and driving cycle is re- 
peated, The hammer is stopped by pulling lanyard /’, thereby dixengaging fuel 
pump cam G, 

¥ra, 1-&,) MoKiernan-Terry No, DE-80 dlosel pile hammer, 


— 
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completely self-contained, with a fuel tank and injection mechanism built 
into the casing. In operation the hammer is placed in the leads, and on 
the first stroke the ram is raised by a hoist while the casing rests on the 
pile. The ram is then released and allowed to fall. As the ram falls, the 
cylinder in which it moves is closed, and the ram compresses the air ahead 
of it. Just before it reaches the bottom of its stroke, fuel oil is injected into 
the cup in the anvil block, which the ball point of the ram strikes. The 
fuel is atomized by the impact of the ram against the anvil, and in the 
compressed air which has been heated by compression, the explosion 
characteristic of a diesel engine occurs. The pressure developed by the 
explosion acts downward on the anvil and the pile and also upward on the 
ram. This is the means of raising the ram for its next stroke. The distance 
which the ram travels depends in part on the resistance of the pile. When 
the pile is being driven in very soft ground, which offers little resistance, the 
upward stroke of the ram is limited, sometimes to such an extent that it 
fails to acquire the energy to make the hammer function on the next 
operating cycle. However, when resistance is adequate, the ram is returned 
to a point at or near the top of its stroke, and from then on, the operation is 
automatic. 

The McKiernan-Terry Model DE-30 diesel hammer, which is illus- 
trated, has a ram weight of 3000 Ib. and a stroke which varies from ap- 
proximately 6/4 to 8! ft. Its energy rating is based on the kinetic energy 
acquired by the hammer during its fall, less the losses involved in compress- 
ing the air and other losses incidental to the diesel operation. However, in 
addition to the kinetic energy of the hammer, energy is imparted to the 
pile by the explosion. The DE-30 hammer is conservatively rated as de- 
veloping 18,000 ft.-lb. energy on the basis of net kinetic energy of the ram 
plus energy derived from the explosion. A factor which is not included in 
this rating but which nevertheless is considered to increase the effectiveness 
of the hammer materially is the preloading or prestressing of the pile during 
the compression stroke. The diesel hammer differs from steam hammers in 
that the cylinder is closed as the ram falls. Thus, prior to impact, the anvil 
and driving cap are pressed solidly against the head of the pile. Thus, when 


the ram strikes, there is no loss of energy involved in taking up slack in the 
striking parts. 


Double- and Differential-acting Steam Hammers. The double-acting 
hammer, which is illustrated in Fig. 11-9, operates on exactly the same 
principle as a reciprocating steam engine. Steam is used on both strokes* 
of the ram. The valve operation is the same, with cutoff occurring before 
each stroke is completed. The differential-acting hammer is somewhat 
similar in construction to a double-acting hammer; but among other things 


* This has special significanee when, a8 occasionally happens, it is necessary to use a 
hammer in a horizontal position, 
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McKiernan-Terry Corp. 
Fia. 11-9. McKiernan-Terry No. 6 double-acting steam pile hammer. 


the valving arrangement is different, resulting in a nonexpansive use of 
steam. The ram weight in a double-acting hammer may be as much as 
that in a single-acting hammer but often is considerably less, the range being 
from less than 100 Ib. to as much as 10,000 Ib., and even more. The stroke 
is almost always less, the range being from about 6 to 24 in. Speed of 
operation ranges from about 100 to 300 strokes per min. For any given 
hammer, speed varies with the steam pressure. However, it is advisable to 
operate the hammer at its full rated speed during all ordinary driving 
operations. The manufacturer’s rated energy for these hammers as given 
for a stated number of strokes per minute is based on the kinetic energy 
of the ram plus the acceleration due to the steam. Energy ratings vary 
from approximately 1000 to 20,000 ft.-Ib. 


Requirements for Selection of Piling 


11-7. Piling Specifications.* Although it is the responsibility of the 
engineer or architect to decide whether piling is required for a given atruc- 
ture, in practice the designer may or may not specif y the particular pile or 
driving operation to be used, ‘There are certain occasions when a partioular 


* Typioal pile driving apecifientions are included in Appendix TM, 
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type of pile is evidently best or most readily available, in which case a quali- 
fied engineer may properly specify a given pile. However, he may prefer or 
be required to write his specifications in such terms that any one of a certain 
number of different piles may be used subject to his approval. This pro- 
cedure provides for competition on the piles themselves and the method 
of driving. The requirements for successful operation under this procedure 
are described below. 

Having decided that piling is necessary, the designer must make a 
reasonably close estimate of the cost of the work. For this he must make 
certain assumptions as to the length, number, and type of piles which will 
be used. These assumptions will later be the basis for specifying that only 
piling of certain types and lengths will be considered for approval. Pro- 
visions of the contract pertaining to payment for the work also necessitate 
analysis of piling requirements—pile length in particular. A common 
method of providing for payment is to establish a lump-sum price for a 
given number of piles of a stated length, a unit price for additional length if 
required, and a unit deduction for reduced length.* Since the unit deduc- 
tion is almost always less than the base price, the estimated length must be 
established with care. The specification must also contain provisions which 
give the owner’s representative adequate control over the driving and other 
construction operations, so that damage to piling, if any, can be made the 
basis for rejection and replacement of unsatisfactory units. 

Damage may be due to at least two causes. One of these causes is over- 
driving —in connection with which, it is desirable, among other things, to re- 
quire a statement from the bidders as to the type of hammer which they pro- 
pose to use and to give notice that the use of any particular hammer shall be 
subject to approval. Such a requirement is also desirable in connection with 
estimating allowable pile loading, as explained later. Damage may also re- 
sult to piles or pile shells already in place as new piles are driven. Here the 
problem of heaving of the ground due to soil displacement is serious. 
Heave may lift an end bearing pile off the bearing stratum or it may 
separate upper sections of pile shells from lower sections. Perhaps the 
chief requirement, however, and one that will be found in every pile- 
driving specification, is to provide a description < of the method which will 
be used for demonstrating that the piling has a certain load-carrying 
capacity. Here the situation is very different from that which exists when 
spread foundations are used. With spread foundations the contractor’s 
only responsibility is to construct the foundation element according to the 
plans. It is the designer who assumes responsibility for the supporting 
capacity. With piling, however, the contractor is required to show that 
the piling can support the specified load as a condition to acceptance of 
his work. The means for doing so must be practical and satisfactory to all. 


* This procedure is referred to colloquially as “upayedownay.”’ 
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It is apparent from the above that the architect or engineer in general 
practice need not have a detailed knowledge of all available types of piles 
and driving equipment. He should, however, understand the factors 
which chiefly influence the bearing capacity of piles and pile groups and 
should be informed as to the merits and limitations of available methods 
for determining both the present and long-term capacity of pile foundations. 


Predetermining Capacity of Individual Piles 


11-8. General Aspects of Pile Bearing Capacity. A great deal of the 
discussion of pile bearing capacity in the literature is intended to relate 
mainly to friction piling whether or not so stipulated. There are many 
practical problems in designing and driving end bearing piles, for example, 
the problem of avoiding damage in driving the pile to refusal. However, 
the only problem in predetermining length is in arranging for an adequate 
subsurface investigation, and the only consideration in regard to bearing 
capacity is usually the column strength of the pile. In comparison, many 
of the problems relating to friction piling are more involved, and the de- 
velopment of the subject given below is therefore limited to friction piling 
unless otherwise stated. 

Load-Settlement Relations 

For frietion piling, the load-settlement relationships for pile behavior 
under static load are similar in nature to those for spread footings. To 
illustrate this, generalized settlement diagrams are given in Fig. 11-10(a). 
Load is necessarily plotted in terms of total load on the pile head rather 
than loading intensity, as with footings; settlement is plotted vertically as 
before, with the origin at the upper left. There is usually an initial range in 
which settlement is roughly proportional to loading. Within this range, 
pile settlement is due mainly to compression of the ground in which the 
pile is embedded and beneath the tip, as suggested in Fig. 11-10(b), rather 

than to movement of the pile relative to the soil with which it is in contact. 
Beyond this range, a loading is reached at which settlement increases 
abruptly. In fine-grained soils, after reaching this point, rapid settlement 
may in fact continue, even under a reduced load, as shown by the dotted 
line in the diagram at the right in Fig. 11-10(q@). This rapid settlement is 
attributed to what amounts to a shear failure either between the soil and 
the pile or, as indicated in Fig. 11-10(¢), a failure in the soil at a little dis- 
tance from the pile. The latter would occur for example when the adhesion 
of a clay to a pile is of greater magnitude than the cohesion in the sure 
rounding soil, 

Similarity of Pile and Footing Aetion 

From the above it can be seen that there are similarities between the 
actions of footings and piles under loading, [In each case, there is a range 
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Fie. 11-10. Load-settlement diagram for friction pile. 


in which the load applied to the foundation element mainly produces com 
pression in the soil, and relatively moderate settlement occurs At ; 
certain loading in each case, soil rupture occurs, and rapid petietration f 
the element into the ground is the result. Soil rupture in a clay is often 
marked by considerable loss of previously existing strength With 

friction pile this means that after rupture, end bearing may tem baits 
become the chief remaining source of resistance to penetration. : : 
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Factor of Safety 

The similarity between footing and pile action leads to adoption of the 
same concepts as to allowable and ultimate bearing capacity. Chief dis- 
tinctions are that with piling, the point at which the ultimate bearing ca- 
pacity is reached is often more distinct and that on this account, it is often 
considered advisable to use a larger factor of safety in establishing the 
allowable loading, or, as it is often termed, the safe working load per pile. 
A factor of safety of 6 is not uncommon. 


Settlement 

A distinction between analysis of footing and of pile loading capacity is 
in the degree of importance attached to settlement. It was emphasized 
that the allowable bearing capacity of soil for a spread-footing design must 
be established both with respect to safety against soil rupture and against 
excessive settlement and that in a number of cases the latter might control. 
With piling, it is not customary to make any independent estimate of 
settlement in establishing the safe working load of individual piles. This is 
probably accounted for in part by the common assumption that with the 
larger safety factors generally used in piling designs, settlement may be 
considered negligible. This assumption, however, is not always justifiable. 
When the piling serves only to transmit loading to a compressible material 
below the tips, substantial settlement may occur even though the piling has 
a high factor of safety against slippage in the soil above. It is therefore 
a mistake to consider that with a safe working load established by con- 
ventional methods, the possibility of settlement can be completely ignored. 


11-9. Methods for Predetermining Capacity 

There are two chief methods of predetermining piling capacity. One is 
by an analysis in which some attempt is made to estimate the amounts of 
the skin friction and the bearing at the tip which a friction pile can be 
expected to develop in a given soil. With these estimates, the ultimate pile 
capacity is calculated by means of the so-called static formula. The other 
method is to undertake actual field-scale tests in advance of construction in 
which both driving resistance and load capacity under dead-weight loading 
can be measured directly. Both these methods are discussed below. In 
addition there are a number of methods which depend on correlation be- 
tween pile loading capacity and the standard penetration resistance of 
sampling devices or cone penetrometers, as in the case of establishing pre- 
sumptive bearing capacity for footings. 


11-10. Static Formula 
General Equation. The total ultimate bearing capacity of a friction 
pile as given by the static formula may be expreniod as follows: 


Pur ™ Pu + Puy (11-1) 
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in which 


Px, = ultimate pile loading capacity 

Pi, = loading capacity due to friction or adhesion at the pile surface 
or shearing strength in the soil near the pile surface 

Ptip = loading capacity due to penetration resistance at the tip 


Skin Friction 


Capacity due to what is generally termed skin friction may be expressed 
as 


Pir = As (11-2) 


The term A, in Eq. (11-2) represents that. portion of the surface area of the 
pile which is embedded in material capable of providing significant vertical 
support. It is evident that it is in the computation of the term A, that the 
required length of the piling is involved. In relatively uniform soil, this is 
the chief consideration in predetermining length. An illustration of a 
calculation for this purpose is given later. In nonuniform soil, significant 
features of the soil profile must also be considered. 

_The term _s represents the average unit shearing strength due to skin 
friction developed at or near the surface of the pile when the pile is loade 
to its ultimate capacity. ‘This being the case, it represents the ultimate 
ynit strength of the soil, not a working strength value. = 

Fora pile embedded in relatively coarse material, the value of s depends 
on the development of solid friction at the pile surface. This is a function 
of effective normal pressure between solids. In saturated soil of relatively 
low permeability, the development of effective normal pressure may be 
hindered by delay in the relief of pore pressures. This is one of many 
possible causes of a difference between skin friction at the time of driving 
and later when static loads are applied. 

When the pile is embedded in clay, the value of s is dependent either 
on the adhesion of the clay to the pile or on the unit cohesion in the clay 
at a short distance from the surface. The lesser value would control. 
Due to remolding and other effects, the values during and after driving may 
be very different. 

Experimental evaluation of s even for assumed conditions is inherently 
so unreliable that it is seldom undertaken. Values compiled from field 
loading tests conducted over the years for a variety of piles and soil con- 
ditions are generally referred to instead. A tabulation of such values is 
reproduced in Fig. 11-11. 


Bearing at Tip 
While the part of the total load transmitted to the soil through bearing 
at the tip might conceivably be analyzed in terms of the cross-sectional 
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FRICTION BETWEEN PILE AND SOIL 





Ordinary Range of Values 
ial Pounds per Square Foot 
aa of Bounding Area of Pile* 





Iine-grained soils: 


250 + 200 
Mids Sickie divin Based Heats ells Beas eee a 
silt SOR Dena i als Slaw nee cia HELE oes ee EAT C8 Ags 300 + 200 
Soft clay... 0... ccc cece cece eee eee ne ene enennes pes a a 
Gilty clay... 2... cece cee eee ete ete enn neeenes el rtear 
Sandy clay.......... ee eee eee eee ee eee erence enees ae 
Medium clay............seee eee eee eee t ee eeeeees eee 
Sandy silt... 0... 0. cece eee cece eee ene nee nee ees ow 
Firm clay... 2.2.0.0 c cece cere eee ene e cence nerenees mae oe 
Dense silty clay... 2... ese ee eee cere teen eee eens Re at 
Hard (stiff) clay... 0... cece ee eee eee eee teen ene 15 

Coarse-grained soils: 

Silty sand... 0.2.0 e cece ee eee renee nee e ee enes 800 + 200 
Shc esoe ese Ne esate DE Syu OOH STE ETE ELS RIOTS Sie Tinks 1200 + rise 
Sahel GHUWER. «oe oi oe capi eo vee cas u Pease REN 2000 = 
Sand and gravel......... SANG 


Gravel........ ccc cece cece erence reece reaesneneeres 
* The (+) figures indicate a range governed by the character of the soil. Not all 


soils falling in the same general classification have equal properties. 
} If not micaceous, muddy, or under hydrostatic pressure or vibration. 





By permission from Pile Foundations, by Robert D. Chellis, Copyright 1951, McGraw-Hill Book Co., Inc. 


Fia. 11-11. Skin friction values. 


urea of the pile and the vertical pressure, there are many reasons why a 
is seldom attempted. Instead, the contribution of tip bearing to ines 
supporting capacity is usually estimated as a lump sum percentage : t 5 
total ultimate pile capacity. Assuming that the pile is properly used an 
that the soil beneath the tip is at least as competent as the soil above if not 
more so, tip bearing under static loading may be estimated as one-tenth to 
one-third or more of the total. The lower end of this range applies to 
relatively soft fine-grained soils, the higher range to stiff Clays and relatively 
coarse granular Soils. 7 
On this basis Bq, (11-1) may be written 


P 
Puy = Pte + OP Pog (11-8) 


in which a in the percontage of the total load aawumed for Lip bearing, 
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Safe Working Load 
As explained above, the safe working load is normally taken as a fraction 
of the ultimate bearing capacity without consideration of settlement. 
__ Thus an equation for safe working load may be written aa 


Pry 
SFd — 2) (11-4) 


in which SF stands for safety factor. 


Pan = 


Illustrative Example 
In order to illustrate the use of the above concepts in predetermining the 
length of friction piling, the following example is given. 


Example 1 


Given: Piling is to be driven in a relatively uniform formation of medium sandy 
clay. The average diameter of the piling is 12 in. 
Find: Length of piling required for a working load of 20 tons with a factor of 
safety of 4. 
It will be assumed that the tip bearing for these conditions is one-fifth of the total. 
Hence, from Eq. (11-4): 
P. fr 


Pau = 7X08 





= 0.312P;, 
Computing the loading in pounds, 


20 X 2000 = 0.312P;, Pr = 128,000 lb. 
but 
Py = Ass = tdls 
Thus 
_ 128,000 
ads 


For medium clay from Fig. 11-11, assume s = 700 lb. per sq. ft. 
Therefore 
128,000 
t= 7x1X 700 = 58 ft.* Ans. 

As explained subsequently, calculations like the above must be adjusted 
for the effect of group action of piles when this is a consideration. 

11-11. Loading Tests 

Conduct. Procedures for conducting pile loading tests are specified in 
most municipal codes.t They are quite similar in principle to plate 
tests for determining soil bearing capacity for spread footings; in particular 
in specifying that loading equal to the proposed design load shall first bs 
applied and settlements observed and thereafter a 50 to 100 percent over- 


“Tf tip bearing had been neglected, the caleulated longth would have been 78 ft, 
| Typical specifications are given in the Appendix, 





PILE FOUNDATIONS a7 


load applied. Regardless of code provisions, however, it is desirable to de« 
velop a load-settlement diagram with more than two points, and this 
should always be done when conditions permit. 


Interpretation 

When the ultimate bearing value of the pile is clearly indicated by a 
relatively sharp or distinct break in curvature of the load-settlement dia- 
eram, the determination of a safe working load becomes chiefly a matter 
of selecting a suitable safety factor. When the curve has a gradual slope, 
the existing methods of interpreting the test results are less definite and 
sometimes are in disagreement. When the load test is conducted in an 
area coming under the municipal code, applicable provisions of the code 
would at least establish the maximum allowable loading. Excerpts from 
representative codes are given below. 

Boston Code Section 2917(b). ‘The allowable pile load shall not exceed 
one-half of that causing a total settlement of one-half inch which remains 
constant for forty-eight hours... .” 

Buffalo Code Section 75, 3-3(i)2. “The maximum allowable pile load 
shall be one-half that which causes a net settlement of not more than ond. 
hundredth of an inch per ton of total test load (‘. . . The total test load shall 
be twice the proposed load value of the pile. . . .’) or shall be one-half that 
which causes a gross settlement of one inch, whichever is less.”’ 

New York City Code* C26-405.2 i (2). ‘The test load shall be twice the 
proposed load value of the pile... ._ The maximum allowable pile load shall 
be one-half that which causes a net settlement of not more than one one» 
hundredth of an inch per ton of total test load or shall be one-half that 
which causes a gross settlement of one inch, whichever is less.”’ 

Perhaps the most common general rule of practice is that the design load 
shall be taken as one-half the load which causes a total settlement of 0,01 
in. per ton of test load. 

Like plate tests for footing design, pile loading tests can be inconclusive 
or actually misleading even when conducted in accordance with the pro= 
visions of certain codes. Perhaps the chief difficulty is the occurrence of 
weak material below the pile tips. 


Relation of Bearing Capacity to Driving Resistance 


11-12. Practical Value. As piles are being driven, the resistance to pene= 
tration which develops can sometimes be taken to indicate the future ca 
pacity of the pile to support static loading, Methods designed to establish 
relationships between driving resistance and load-carrying capacity are 
more Widely used than any other method of determining pile bearing et. 
pacity because of their simplicity and practicality, ‘The pile or pile shell 


* Ad amended to July 1, 1055, 
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must be driven in any case.* Observation of driving resistance during the 
Bee ei requires a negligible amount of additional effort. 

_ There are two requirements for such methods: to ivi - 
sistance and then to relate this to allowable bearing ell el a 
of driving resistance in itself is incidentally useful in analyzing stresses in 
the pile or pile shell during driving. Methods for evaluating resistance 
falas driving involve use of dynamic pile-driving formulas, as explained 


11-13. Dynamic Pile-driving Formula 

Energy Equation. The resistance to penetration of the pile into the 
ground is the resultant of the tangential stresses applied to the surface 
of the pile plus the resistance at the tip. The distribution and relative 
magnitude of these stresses can rarely be established with great pre- 
cision. It will be considered, however, that the resultant of all stresses 
acting to resist movement of the pile relative to the soil may be taken as a 
single force, R, applied at a point loosely designated for the time being as 
the center of resistance. If with each blow of the hammer the pile is driven 
: ae s, against the resisting force, R, the work done is the product, 

The term s or net penetration per blowt (usually in inches per blow) is 
referred to as the set. However, set may also be reported in terms of 
blows per inch. It is evident that when the latter practice is followed 
set must be converted to a distance per blow if it is to be used in the t 
of energy equation developed below. si 

The energy available to accomplish work on the pile is the energy of 
the hammer, which may be expressed as H,. If there were no losses of an 
kind, it would be possible to write the equation 9 


Rs = E, 


or if & is in pounds, s in inches, and E,, i i 
n in foot-pounds, ai 
ater i p , as is customary, we 
Rs = 12E, 11-5 
Energy Losses 
The resistance which the ground offers to penetration by the pile could 
readily be established by Eq. (11-5) as a function of the set. The equation 
as it stands, however, fails to take into account a number of fairly substan- 
tial losses which may occur and which significantly reduce the amount of 
* An exception is the bored-in pile which is cast in place with ivi 
FOG falcata cg is in place without any driving operation, 
ee a ly by means of load testing that the bearing capacity of these 
} The use of the notation s for the penetration of a pile per blow is so widespread that 


it is considered impractical to adopt any oth 
sad for peatteteeiiiianane pt any other notation even though s is alao extensively 
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energy available for performing useful work. These losses include friction 
and windage in the hammer itself and impact losses and losses due to elastic 
compression of the driving cap, the pile, and the adjacent ground. The 
reduction in available energy caused by these losses may be indicated by 
writing the equation in the form 


Rs = 12eE, — Li: - L.- Lp—- Ll, (11-6) 
Terms in Eq. (11-6) not previously identified are: 


e; = hammer efficiency 

L; = loss due to impact 

L,. = loss due to temporary compression of driving cap 
L,y = loss due to temporary compression of pile 

L, = loss due to temporary compression of ground 


11-14. Development of Engineering News Formula. Many equations 
for evaluating driving resistance and bearing capacity in terms of set and 
hammer energy have been developed. They differ chiefly in respect to the 
consideration given to analyzing the energy losses enumerated above. In 
some cases, all losses except Ly, the loss due to elastic compression of the 
pile, are disregarded or accounted for on a purely empirical basis. The de- 
velopment of an equation on this basis is given below, since it leads to a 
dynamic pile-driving formula which is in very common use, namely, the 


Engineering News formula. 

Loss Due to Pile Compression 

With each blow, the head of the pile moves downward a given distance 
and then rebounds. The change in pile length due to elastic compression 
whieh is an indication of energy loss can be expressed in terms of the 
characteristics of the pile. This is accomplished as follows: The relation 
between the stress which causes elastic shortening of the pile and the re- 
sulting strain is given by the modulus, /, or 

B= Stress 
strain 


The compressive stress is taken as the resistance, 7, divided by the cross- 
sectional area of the pile or pile shell, A> The strain is taken as the elastic 
shortening of the pile, Al, divided by the effective length* of the pile, J. 


Hence 
R/A 
En == 
Al/l 
*Whoen the pile ia in reasonably uniform material, this may be taken as the full 
length of the pile, If the pile haw boon driven through relatively fen material into a 


wouk substratum, (is almply the Jongth from the head to the weak substratum, 
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or 
_ Rl 


The work done in compressing the pile, which re 

available for pile driving, is taken ae average ne fe 
the pile material moves during elastic shortening, times the ; et 
force, R. If it could be assumed that elastic shortening varies ake an 
from zero at the tip to the value Al at the head, then the average sh i ae 
would be AJ/2, and the lost energy would be ed 


Al 
Ly => 9 R 
or 
Lt, = ZL 
e BAR (11-8) 


Dimensional analysis shows that L, as expressed above is in energy units 
namely, force times distance. j 


Driving Resistance 
If all losses except those due to elastic ¢ : 
ompression of the pil + ok 
nored, Eq. (11-6) may be rewritten: e pile are ig 


Rl 
Re = 122, — 2 
OS ey oa (11-9) 


Eq. ( 1-9) makes it apparent that at least one of the energy losses i 
proportional to the resistance itself{—proportional, in fact, to Bie wea ie . 
squared. It will later be shown that this has considerable im ea a 
the utilization of dynamic: pile-driving formulas. It is claimed h waa 
that for the ordinary pile-driving operations we may write ee 


a 2G 
24E (11-10) 


in which C is approximatel * 

written: oF ely a constant.* If so, Eq. (11-9) may be re- 
Rs = 12E, — RC 

or 


Lo i 
i <e (11-11) 


* Note that the expression for C is i 
deena p C is in the same unite as 4, namely, distance (usually 
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Safe Working Load 
Eq. (11-11) represents an important first step in the development of the 


Engineering News formula for pile bearing capacity. However the equa- 
tion, subject to limitations already stated, is for driving resistance. To 
continue the development, it is necessary to reach some conclusion as to the 
relation of driving resistance to bearing capacity. A basic assumption in 


the further development of the EN formula is that the safe working load 
is one-sixth of the driving resistance.* Thus 


2E, 
Pu= §@-346 


a 


(11-12) 





The above equation is the basic Engineering News formula for allowable 
pile bearing capacity. For double- and differential-acting steam hammers 
and for diesel hammers, the hammer energy is based on the manufacturer’s 
rating in foot-pounds, and it is assumed that C = 0.1. For these hammers, 
therefore, the equation is written: 





2E, 
Pa s+01 (11-18) 
in which 
P,, = allowable load in pounds for piling driven with double- or differ- 


ential-acting steam hammers and for diesel hammers 
E, = manufacturer’s rating of hammer energy in foot-pounds 
s = set or penetration per blow in inches 


For hammers in which energy is due simply to the free fall of the striking 
part, energy is expressed in terms of the weight, W,, and the stroke, H. 
Hence for drop hammers and single-acting steam hammers, the equation is 


written: 


2W, H 
Py = cre C (11-14) 
in which 
P,, = allowable load in pounds for piling driven with drop or single- 


acting steam hammer 
W, = weight of striking part in pounds 
H = distance in feet through which striking part falls 
*Tt is to be noted that this is not actually the same aa applying & faotor of anfety 
of 6 to the ultimate bearing capacity under atatle loading, The latter a offen many 


times the resiatande during driving. Thus the true faetor of wafoty for the Hagineering 
News formula may be considerably more than 6 ander vertaln conditions, 
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ll 


sS = set or penetration per blow in inches 
C = 0.1 for single-acting steam hammers* 
C = 1.0 for drop hammers* 


When, as is frequently the case, the Engineering News formula is to be 
used ae re driving as the specified means of demonstrating that a pile 
1s capable of supporting the design load, it is conveni i 
ee nient to rewrite the 

2E, 
s= P. =€¢ (1 1-15) 


The value of the term s corresponding to the specified pile bearing capacity 
can then be computed as in the following example: 


Example 2 


Given: Piling is to be driven to 30-ton capacity by a No. 1 Vulean single-acting 


t : d : 
oc aula This hammer has a 36-in. stroke and ram weight of 
Find: Required set. 
Using Eq. (11-15), 
2 X 5000 x oe 
12 


8 = — 
30 x 2000 ~ 9! 


= 0.4 in. per blow. Ans. 


Normally, at the beginning of the driving operation the piling referred to 

in the above example would move more than 0.4 in. per blow, possibly as 

much as several inches. Driving would continue until the specihed set is 

observed, whether this occurs when the estimated length has been driven or 

at a length which is either somewhat less or somewhat greater than the 
*The extent of th imation i i igni 

judged by sppllostion of Hig, (lI-10), For an onerctie With waisted 


hammer, typical piling data might be as follows: Assume a precast concrete pile 60 ft. 


in length with average diameter of 18 in., int i 
een ie a a oneal in., intended to develop a safe working load of 


c = 30_X 2000 x 6 x 60 x 12 
2 X 81m X 3,000,000 
= 0.17 in., as compared with 0.1 in. 
For a typical drop-hammer operation, assum i 
‘ rop-] . den pile 75 ft. lo ith 
ae a € a Woo p ng with average 
pennan in., intended to develop a safe working load of 20 tons with a factor of 


C = 20_X 2000 x 6 X 75 x 12 
2 X 36m X 1,500,000 


= 0.64 in,, a8 compared with 1,0 in, 
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estimated length. However, the operation may also be subject to other 
controls, as has already been indicated. For example, it is entirely possible 
to meet the requirements of the Engineering News or other dynamic pile- 
driving formula when the pile has been driven to a point where the tip is in 
or just above a layer of compressible material. Thus, in addition to the 
specification on driving resistance, there should be a specification on length 
such that the pile is stopped well above the compressible material or driven 
through it into firm material beneath. 

11-15. Hiley Formula for Driving Resistance. The Hiley formula* 
basically is Eq. (11-6) with each of the energy losses evaluated. After 
simplification it may be written as follows: 


12e;E, (W, a5 Wy) 
a 11-16 
R oFEG EG TOS W, + W,) 
in which 


R = driving resistance in pounds 
e; = hammer efficiency 
E,, = hammer energy in foot-pounds 
W, = weight of ram in pounds 
e = coefficient of restitution for materials at point of impact 
W, = weight of pile in pounds 
s = set or net penetration per blow in inches 
C, = temporary change in thickness of driving cap in inches 
OAS temporary change in length of pile (Al) in inches 
C3 = temporary compression of ground in inches 


Eq. (11-16) provides an opportunity to take into account the relative 
weight and also the composition of the hammer and the pile, which are 
evidently significant factors. The three separate terms, Ci, Ce, and C3, 
are like the term C used in the Engineering News formula to make allow- 
ance for losses except that here it is recognized that they vary with the 
driving resistance. This variation is taken into account in applications 
of the Hiley formula by using different values for these terms for different 
conditions of driving resistance rather than adopting a single arbitrary 
value for all conditions. The value of C2, for example, is computed in each 
case from the previously developed relation in Eq. (11-7): 


| 
Rl 
AH E 
Values of C, and Cy, which, although empirical, also vary significantly with 
driving conditions, are utilized (see Chellis), 


* Por derivation and more extended discussion see Kh. D, Chellin, Pile Moundationa 
(New York: MoGrawellill Book Co,, Ine, 1061), p O27, 


Ce = Al = 
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Another significant feature is that the development of the Hiley formula 
is not carried beyond the point of obtaining an expression for driving re- 
sistance. No expression for allowable pile loading with a built-in safety 
factor is suggested. Thus the safety factor to be used for different con- 
ditions can be varied as may be considered appropriate. 


11-16. Comparison of Hiley with Engineering News Formula 
Driving Resistance. The practical consequences of using a complete 
dynamic pile-driving formula like Eq. (11-16) rather than the Engineering 


Engineering News -type 
formula for total abe 
resistance 


Miley formula for total 
driving resistance 
erW-A W,+e*Wp 


- sth( C+C2tC3) WetWp 


Total Driving Resistance, in tons 





60 
Set, in blows /inch (%) 
Fig. 11-12. Driving resistance by EN and Hiley formulas. 


News formula can be seen by preparing set-versus-resistance diagrams, such 
as those illustrated in Fig. 11-12. For purposes of this illustration ilk ef- 
fective to plot set in blows per inch. The two curves presented in Fig. 1 1- 
12 represent data on driving resistance calculated for given conditions by 
the Engineering News and Hiley formulas respectively. 
Since the term representing the effect of losses in the lngineering News 
formula is considered to be a constant, the set-resistance diagram is ap- 
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proximately linear through the range in which the formula is normally 
used. If continued far enough, however, the diagram would gradually 
curve and approach a limiting resistance value, 


12F,, 
R= a (11-17) 





The diagram for the Hiley formula, in which it is recognized that losses 
are proportional to resistance, develops a significant curvature at lower 
resistance values, and for a given hammer energy the diagram rapidly ap- 
proaches a limiting value considerably less than that indicated by the 
Engineering News formula. 


Hammer Energy 

With certain hammers, the gross energy is a constant. Therefore, as 
driving resistance increases and energy losses increase proportionately, less 
and less energy is available for useful work. Eq. (11-6), from which the 
Hiley formula was developed, indicates that at a certain resistance value, 
the losses for a given pile-driving operation may equal the total available 
hammer energy. The Hiley formula establishes the resistance value at 
which this situation may develop. Thus the decrease of the penetration 
per blow to a negligible value does not necessarily mean that the pile has 
been driven to refusal in the sense of reaching solid end bearing on rock. 
When a pile can no longer be driven with a given hammer, further penetra- 
tion can be obtained either by reducing the driving resistance, as by jetting, 
or unless it will damage the pile, by using a hammer with greater energy. 
However, if a heavier hammer is used, it will be found that the Engineering 
News formula indicates less load-carrying capacity than previously. This 
is a reflection on the EN formula, not a change in pile capacity. 

Hammer energy is constant for all steam hammers operated at constant 
speed and line pressure. The diesel hammer is distinctive in that within a 
certain driving range at least, the gross hammer energy increases with 
driving resistance, since, as previously explained, this hammer operates 
with a variable stroke. Thus the net energy of this hammer is more nearly 
constant than that of steam hammers. The same statement holds for 
drop hammers which are operated in such a way that the stroke increases 
with each blow. This feature may or may not be desirable. One condition 
under which it could be undesirable is when the increase in hammer 
energy results in damage to the pile. The situation is analogous to using 
too large a hammer to drive a nail. For a thorough analysis of a prospective 
pile-driving operation, driving stresses in the pile material as well as pile 
bearing capacity under static load must be estimated, For this purpose, 
the Enginoering News formula, whieh is intended for estimating the safe 
working load of a pile rather than evaluating driving resistance, could ob- 
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viously be very misleading. Its suitability for its intended purpose may be 
judged by comparison with the Hiley formula. 


Suitability for Determining Safe Working Load 
Fig. 11-13 is a set-versus-pile loading diagram which is limited in scope 


Sate working _\ Excessive set values (b/ / 
5 [range of set values Driving should be eae 


~ s#e_ | WY Total ar/Ming.f Aes for 
eT LAL Lge Limiting stress value 
ERATE OITA 
A Bae WEA es 
Al | | pale CT ps4 a 

tL d, AAA AAA AAA 

DATE Safe working load, Poy, Hiley formula (S.F =2.5) 

Hee sy bie LE 


AAO 

AO 

0 ABREU ZACAALOOOLLOUAS 

20 

Set, in blows/inch (6) oe 
Fic. 11-13. Limitations on use of EN formula. 
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Stress in Pile Material, in thousand psi 


to values which are of practical interest. In this figure, driving resistance 
computed by Eq. (11-11), and allowable pile loading, taken as one-si 
of the driving resistance according to the Engineering News formula are 
both represented. It is seen that the curve for Eq. (11-11) indicates an 
almost linear relationship between set in blows per inch and drivin 
resistance, within the range of values shown. ’ 
A curve representing driving resistance as determined by the Hiley 
formula for the same pile and soil conditions is also given in Fig. 11-13. It 
will be observed that the curve for allowable pile loading computed i the 
Engineering News formula approaches the Hiley curve for total resistance 
during driving. If this situation could develop under conditions when the 
driving resistance as computed by the Hiley formula is approximately equal 
to the ultimate bearing capacity of the pile, it would indicate a serious 
defect in the Engineering News formula. However, it can be shown that 
the chances of this are somewhat remote. There is a practical limit to 
the number of blows per inch which would be allowed in driving a given 
pile. Beyond a certain value, driving would be stopped for one of sev- 
eral reasons, such as that the rate of progress without jetting was un- 
satisfactory or that continued driving would damage the pile or that 
adequate resistance had already been reached, Thus there is a natural limi- 
tation on use of the formula which tends to prevent obtaining unsafe 
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bearing values. The formula could not have survived otherwise. However, 
it ig well to understand why it has survived. 

It is generally considered that for efficiency the hammer should be the 
largest* which can be used without serious risk of damage to the pile. 
The stress at which a given pile may be damaged can be represented in the 
set-versus-loading diagram, as shown in Fig. 11-13. For typical conditions, 
the point at which pile damage occurs would be reached shortly before the 
full resistance to driving is developed. This establishes a limiting set value 
beyond which driving should be discontinued. If the Engineering News 
formula is never used with set values greater than the limiting value shown 
in Fig. 11-13, there is little chance of overestimating the safe working 
load. To insure against a possible misuse of the formula and also against 
damage to the pile, it can be stipulated in the specifications that driving 
must be discontinued if the set reaches a certain limiting value which indi- 
cates overstress of the pile material. 

11-17. Misleading Applications of Driving Formula. In perhaps the 
majority of cases the ultimate bearing capacity of piling under static loading 
after the pile has set is greater than the resistance developed during driving. 
On this account, the use of a dynamic pile-driving formula for determining 
the safe working load as some fraction of the driving resistance normally 
gives a conservative result. A dynamic driving formula, however, will give 
a misleading result when the piles are driven in relatively firm material 
overlying a weak, compressible substratum. Under these conditions 
appreciable driving resistance may be developed and possibly an even 
greater bearing capacity under a static loading which is maintained for only 
a relatively short space of time. However, when static loading is main- 

tained for long periods, the material at the pile tips will gradually con- 
solidate, and settlement will occur as though the loads were applied directly 
to the weak material. Therefore, when piling is to be driven through a 
relatively firm material and, in turn, through a weaker material to end 
bearing or development of frictional resistance in the lower section of the 
piling in a firm underlying stratum, it is essential to specify that the pile 
shall be driven a certain minimum distance (enough for the tip to penetrate 
through the full depth of the weak material) before a dynamic driving 
formula is used to estimate pile bearing capacity. 


Group Action of Piles 


11-18, Effect of Pile Grouping. For supporting concentrated loads, such 
as column reactions, piles are commonly used in groups, even when it 
might be possible to support the entire load with a single pile, The use of 


* Use of a large or effective hammer is desirable not only for effieleney in driving but 
because a light hammer gives a misleading indioation of pile capacity, 
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piles in groups is preferred because of the difficulty of loading a single pile 
without eccentricity. In fact most codes stipulate that if single piles are 
used, they must be given lateral support by structural members provided 
for this purpose. 

As previously stated, when piles are used in groups they are often spaced 
as closely as the code permits in order to save size and cost of the pile cap. 


The result is almost invariably that the soil between the piles is stressed 
by several piles rather than just a single pile. This has no effect on the 


transfer of loading from the individual piles to the soil through skin friction 
but it does increase considerably the amount of stress transmitted to the 

_Soil at the pile tips. As in the case of stress overlap caused by closely spaced 
spread-footings, the only remedy is to reduce the load on the individual 
piles when a condition of overstress is indicated. 

Rather than analyzing the distribution of stress created in the soil 
by a group of piles, it has been the practice for years to make an arbitrary 
reduction in the loading of piles in groups—sometimes, it would appear 
whether such reduction is necessary or not. A commonly used method for 
calculating this reduction is described below. 


11-19. Arbitrary Reduction in Loading. What is known as the Con- 
verse-Labarre formula for pile efficiency may be written as follows: 


es (n — 1)m + (m—- 1 
Feito o[ Reel (11-18) 


in which 

= pile efficiency 

= number of piles in a row 

number of rows of piles in groups 


d. 
tan! - (in degrees) 


a @e@ 3g 
ll 


= pile diameter, usually in inches 
8 = pile spacing, center to center in same units as d 


Given the pile efficiency as calculated by this formula, the total load-carry- 
ing capacity of the entire group is calculated as 


P, =NF Py (11-19) 
in which 
P, = total capacity of pile group 
N = number of piles 
F = pile efficiency 


P. = safe working load of a single pile when not ina group 


An example of the use of this equation is given below to indicate the order 
of magnitude of the effect, 
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Example 3 
Given: A group of 12 piles is arranged with three rows of 4 piles each. The pile 
diameters are 12 in. and the center-to-center spacing is 36 in. According 
to the Engineering News formula, each pile is good for 30 tons. 
Required: The capacity of the group. 
From Eq. (11-18) 


_ (4 — 13 + (3 ~ 1)4 
F=1-o[ 90x3x4 | 


12 
= = ° 
6 = tan 36 18.4 
F =1— 184 X 0.0157 = 0.71 or 71% 


Thus 
P, = 12 X 0.71 X 30 = 256 tons. Ans. 


It may be observed that the procedure illustrated above does not in 
any way take into account the nature of the soil either at the level where 
skin friction is developed or at the pile tips. Except that it is not customary 
to do so, the formula might be used to obtain exactly the same result for 
piling driven to end bearing on rock. 


11-20. Analysis of Stress at Pile Tips 

Siaty-degree Approximation. A number of codes specify that the 
allowable pile loading shall be limited by the provision that the vertical 
pressures in the bearing materials at or below the points of the piles shall 
not exceed the allowable bearing value of such materials. The 60° approxi- 






Nonbearing 
material such 
as fill 






“N". Bearing 
“.\ stratum 





Substratum 
Ha, tlel4, Une of 60° approximation with piling, 
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mation may be used to calculate the stress at the pile tips, as shown in 
Fig. 11-14. When friction piles are properly used, they are driven to a 
depth where the pile tips are in material which is as firm as or, preferably, 
firmer than that in which the piles are embedded. Under these conditions, 
analysis by the 60° approximation will seldom indicate an appreciable 
overstress, even when each pile is loaded to its full capacity as a single 
pile. It is chiefly when piling is improperly used that load reduction is 
required. Load reduction under these circumstances can be seen to involve 
inefficient use of the pile material. 


Pile Spacing 

As an alternative to load reduction, the stress at the pile tips can evi- 
dently be decreased by increasing the pile spacing. (The Converse- 
Labarre equation also indicates the advantage of increasing pile spacing.) 
Many experts feel that the minimum spacings provided by most codes make 
for inefficient use of piling. It is difficult to generalize on this subject 
because for each job the nature of the soil at the pile tips and the cost of 
increasing the size of the pile cap relative to the cost of failing to utilize 
the pile material fully must be considered. However, it is evident that if 
piles are to be used inefficiently, it should be established that this is the 
least objectionable of a number of possible alternatives. 


PROBLEMS 


11-1. A friction pile is to be driven into a relatively uniform formation of sandy 
silt. If the pile has an average diameter of 15 in., what must be the embedded 
length of the pile to support a total load of 25 tons with a safety factor of 3? (The 
student will make his own assumptions as to unit skin friction and percentage of 
point bearing and will state these assumptions in his solution to the problem.) 


11-2. A No. 1 Vulcan single-acting steam hammer is used to drive a friction 
pile. The ram weight for this hammer is 5000 Ib. and the stroke 36 in. When the 
pile reaches a point where driving is at the rate of 4 blows per in., what is the magni- 
tude of the indicated driving resistance according to Eq. 11-11? 


11-3. From the data given in Problem 11-2, calculate the safe working load for 
the pile by application of the Engineering News formula. 


Cire McKiernan-Terry double-acting steam hammer No. 10-B-3 is to be used 
on a given job. This hammer has a rated energy of 12,000 ft.-lb. when operating 
at 100 strokes per min. What is the safe working load for a pile as indicated by the 
Engineering News formula when the set reaches a value of 6 blows per in.? 


11-5. The Vulcan Model V drop hammer has a ram weight of 2000 Ib. Ina par- 
ticular driving operation, this hammer was operated with an average drop of 12 ft., 
at which time the movement of the pile was recorded as %¢ in, per blow. What 
pile bearing capacity would be indicated by the Engineering News formula for 
these conditions? 
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11-6.yIt is proposed to drive piling on a certain job with a Super-Vulcan dif- 
sacen git actinic No. 80C open-type steam hammer. The characteristics of this 
hammer are as follows: normal stroke, 1614 in.; weight of ram, 8000 lb.; manufac- 
turer’s rated energy, 24,450 ft.-lb.; strokes per minute, 111. In addition, assume 
a hammer efficiency of 75 percent. ; 

Precast concrete piles 40 ft. in length and 12 in. in average diameter are to be 
driven with this hammer. For this operation the allowance for temporary com- 
pression of the pile head and cap may be taken as 0.10 in. and the allowance for 
temporary compression or quake of the ground as 0.15 in. The coefficient of resti- 
tution for the ram striking on a steel anvil may be assumed as 0.5. Calculate the 
required set in terms of penetration per blow for an indicated safe bearing capacity of 
30 tons per pile (a) by the Engineering News formula, and (0) by the Hiley formula, 
using a safety factor of 4. 


11-7) A group of 15 friction piles is to be driven to support a concentrated load 
of 500 tons. The piles will be in 3 rows and will be 3 ft. on centers both ways. The 
piles have a diameter of 15 in. at the butt. The piling is to be driven with a No. 1 
Vulcan single-acting steam hammer (see Problem 11-2). What penetration per 
blow must be reached with each individual pile to satisfy these requirements? 


11-8. A group of 24 friction piles is proposed to support a total load of 750 tons. 
The piles are in 4 rows and are 3 ft. on centers both ways. The total length of each 
pile is 50 ft. These piles will be driven through 28 ft. of fill having a zero presump- 
tive bearing value and into a layer of firm, well-graded silty sand. Underlying the 
silty sand at a depth of 53 ft. below cutoff there is a soft clay layer with a presump- 
tive bearing value of 800 lb. per sq. ft. Is the proposed design adequate? Explain. 


CHAPTER 12 
SETTLEMENT CALCULATIONS 


Degree of Accuracy 


In the course of making a detailed analysis of soil bearing value in which 
loading is to be limited so that settlement will not exceed a specified amount, 
or when it is desired to specify the degree of compaction required to attain 
a specified bearing value, or in cases where loading is fixed and the magni- 
tude of the resulting settlement regardless of its value must be estimated, 
the soils engineer obviously must be able to calculate settlement for given 
loading and soil conditions. In learning the methods used in these calcu- 
lations it is well to keep in mind the degree of accuracy which may be ex- 
pected. Such calculations are based on the material given in Chapter 5, 
on ‘Soil Compressibility,” and that in Chapter 7, on “Stress Analysis.” 
No matter how carefully this or other material is applied, however, only 
approximate results are to be expected. The difficulty is that the analytical 
methods are for the most part based on theory developed for elastic, homo- 
geneous materials rather than soil, and the data on soil compressibility is 
largely obtained by empirical procedures or derived from tests on small 
specimens which have been removed from the ground and transported to a 
laboratory. A further consideration is that soil formations are charac- 
teristically more or less variable in nature, so that even if a very accurate 
settlement estimate could be made for the conditions at one location, the 
estimate might become approximate at best for another location only a 
few feet away. Especially in a routine form of estimate, therefore, the 
engineer can hope only to establish the order of magnitude of the probable 
settlement. It is likely that many settlement predictions, even when made 
by the best of the presently available methods, have an accuracy which is 
no closer than plus or minus 1 in. to the total amount of settlement. How- 
ever, it is possible that with methods for calculating total settlement with 
this accuracy, differential settlements can be estimated with greater 
accuracy, except when an unsuspected nonuniformity in soil conditions 
exists. The accuracy of estimates of rate of settlement may be even less. 


Required Information 


12-1. General. The information required for a settlement analysis ob- 
viously includes information on soil conditions and characteristics and on 
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the proposed loading. For most efficient operation it is well to establish 
limits on the nature and scope of essential information and to be able to 
identify information outside these limits as extraneous. It is also advisable 
to distinguish between information which is practicable to obtain and that 
which is not. 

12-2. Depth of Significant Stress. Information on soil characteristics 
is required only to depths at which the compressive stresses to be cre- 
ated by the proposed loading will cause a measurable amount of com- 
pression and settlement. In some cases a relatively large stress may be 
unimportant, while in others a seemingly minor stress may lead to appreci- 
able settlement. One method of evaluating the significance of a given 
stress increment is to compare its magnitude with that of the stress due to 
body forces at the same point. As ap ractical working rule it is generally” 
safe to assume that stress due to boundary loading is no longer ae 
in 1 regar to settlement when it 1s less than IO percen € xis ress 
due to the weight of overlying materials, eyrenii tocar oi ere 


a . presumptive bearing capacity of zero. The term significant stress is used 
in this sense in the following discussion. 

To calculate the depth of significant stress and hence the depth within 
which the nature and characteristics of the soil formations must be es- 
tablished, it may be necessary to undertake quite a detailed analysis of 
both stress distribution and the variation in effective unit weight of natural 
soil formations. For many jobs, this task may be simplified by using certain 
approximations. For example, it will often be on the safe side to assume 
that the unit weight of soil has a value of 100 lb. per cu. ft. and that the 
unit weight is constant with depth and to establish the variation of body 
stresses with depth on this basis. Choice of methods to be used in es~ 
tublishing the variation of the incremental stress due to boundary loading 
depends considerably on the nature of the loading. It is again a safe 
assumption to consider that for this purpose an individual column load 
may be treated as a point load almost without regard to the size of the foot- 
ing. On this assumption, the variation of the stress increment with depth 
may be calculated by the Boussinesq equation. Stresses due to distributed 
loads may often be analyzéd;-ateast in preliminary studies, by the point- 
load approximation or in some cases by the 60° approximation. 

Using the above approximations, the depth of significant stress may be 
established in general terms, as shown in Fig. 12-1, for individual column 
loads and for distributed loads, respectively. In the preparation of these 
diagrams it was assumed that the loads were applied at the ground surface. 
When loads are applied at the bottom of an excavation the depth of sig- 
nificant stress, calculated as explained above, may be measured from the 
base of the foundations, 
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Fia. 12-1. Depth of significant stress, spread foundations. 


12-3. Soil Characteristics 

The soil characteristic of chief interest in a settlement analysis is the 
compression index. For estimating rate of settlement the consolidation 
coefficient and the longest drainage path are also required. The most 
direct and seemingly the best method of evaluating these terms is to 
obtain undisturbed soil samples and to conduct compression and con- 
solidation tests. Practical difficulties often interfere with this procedure 
however. The task of obtaining undisturbed samples of cohesioniall 
material, especially below ground water, is, as previously noted, an opera- 
tion requiring special equipment and techniques which often are “iG readily 
procurable. This virtually eliminates the use of the direct method with 
cohesionless soil. The settlement of structures due to the compression of 
cohesionless soil may be a problem which occurs more frequently than is 
commonly realized. This is because the loading which may be applied to 
clay soils is usually limited to such an extent by municipal codes that 
settlement is minor. Textbook illustrations of settlement calculations for 
clay which indicate that settlements of 4 or 5 in. magnitude may be ex- 
pected, usually involve the assumption of loading conditions which would 
not be permitted by codes. Higher loads are generally permitted for granu- 
lar soils than clays. When the gran is Toose or the ground water 
table is high, significant settlements can occur under-moderate loads . 

With plastic soils, although undisturbed siipling is feasible, the cost of 
the sampling and testing operation and the need for writing special apeci« 
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fications for the work is a deterrent to use of the direct method of de- 
termining soil compressibility, at least on routine work. 

For the above and other reasons, a simpler though less direct method of 
establishing soil compressibility is often useful. Methods based on es- 
tablishing a correlation between soil compressibility and in-place density 
may therefore be of interest in this connection when a practical means of 
determining in-place density can be found. The determination of ap- 
proximate values of in-place density can be accomplished with little if any 
serious difficulty in granular soils by means of standard penetration re- 
sistance measurements, for example, or by use of some form of penetrometer. 


Se ae no more than 15 ft., in-place 
density determinations can readily be made at strategic points in test pits 
excavated in either granular or plastic soils by back hoe or other machine. 
In submerged formations of plastic soils, density determinations can readily 
be made at any depth by direct measurements of Shelby tube samples or, 
indirectly, by calculations based on water content. In short; some form of 
in-place measurement of density or penetration resistance is almost always 
feasible, whereas undisturbed sampling and testing may not be. Methods 
of correlating in-place density and compressibility have already been men- 
tioned, and others will be discussed later. 

In addition to in-place density, textural characteristics should be es- 
tablished with reasonable accuracy, as well as ground water elevation and 
in fine-grained soils, organic content, natural water content, and in many 
cases, the liquid and plastic limits. 


12-4. Loading. It will be remembered that the theoretical ultimate 
soil bearing value and the maximum presumptive bearing value of soil 
can be established on the basis of soil characteristics only, without reference 
to loading. However, in proportioning footings to meet code provisions 
and in estimating settlement for any purpose, complete information on 
loading must be obtained. Included must be full information on the 
structural loads as described in Chapter 10 and on unit soil weight and plans 
for excavation or filling which may affect existing body stresses. When 
rate of settlement is to be considered, the rate of construction or load 
application must also be known. Illustrations of requirements as to in- 
formation on loading conditions are given in the following examples. 


Spread Footing on Granular Soil 


12-5. Given Conditions. It will be assumed that subsurface conditions 
at a given site are represented by the boring log shown in Fig, 12-2 and 
that it is desired to estimate the settlement of a single column carrying 
a total load of 180 kips on a spread footing 7 x 7 {t. in sive which is to be 
constructed at a depth of 5 ft, beneath the ground surface, In this example 


the reduction in stress due to excavation will be disregarded. An estimate 
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Fig. 12-2. Boring log for illustrative example. 


of the settlement to be expected under this loading is required. 


12-6. Body Stresses. An initial requirement is to determine the in-place 
density and unit weight of the soil at successive levels. 
tion given on the log which bears on this matter is the standard penetration 
A correlation between standard penetration resistance and 
relative density is given in Fig. 12-3 for use in such applications. 
required is information such as that in Fig. 2-9 on maximum and minimum 
Approximate values of the in-place density and unit weight 


resistance. 


void ratios. 


of the material may then be calculated as follows: 


From the boring log, 


N = 8 at 5 ft, depth 


The only informa- 
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Fra. 12-3. Standard penetration resistance vs. relative density, granular soll. 






Very Compact 














z 
50 


Loose Firm | Compact 


Standard Penetration Resistance, *WN, in blows/Ft. 
30 


10 





0 





¥rom Fig. 12-3, 
Da = 20% for N = 8 
From Fig. 2-9, 


€max = 1.0 
émin = 0.4 for uniform sand 


fq. (2-11): 


Cua, = 0 
D, = nan 8 
. Cox Cin 
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= 
s or 
5 Z € = €max — Da(emax — €min) © 
a 5 Thus 
8 2 e = 1.0 — 0.20 (1.0 — 0.4) 
a 3 e = 0.88 
59 ¥ 3 
ag z 5 Unit dry weight, Eq. (2-14), 
: i én 
§ | ; Yer = 746 
2 - ° 
é : - Zz Assume 
z g G = 2.65 
= Z Thus 
E. 5 ies 2.00 O28 = 87.9 Ib./cu. ft. 


mpres: 
Index, 


The material at 5-ft. depth is well above the water table and therefore 
is probably only moist. Thus it seems reasonable to assume that its effec~ 
tive unit weight in round numbers is approximately 95 Ib. per cu. ft. 

Similar calculations may be made for the soil at successive depths. 
The results obtained are entered in the first columns of the tabulation 
given in Fig. 12-4. The information on unit weight is then used to calcu- 
late body stresses at significant depths. Values obtained for these stresses 
are also tabulated in Fig. 12-4. 

12-7. Stress Increment. The given information indicates that the aver- 
age contact pressure at footing grade is 3670 Ib. per sq. ft.* The stress in- 
crement at successive depths may be calculated by means of the relation 
developed from the 6314° approximation, namely, as in Eq. (7-14), 

B 
dp = + gt AP 


ps in the solution of Eq. (12-1). 
Correlation between N and Dg was established by means of Fig. 12-3. 


Fic. 12-4. Calculations for settlement estimate. 
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Fic, 12-5. Field compression diagrams for illustrative example. 


12-8. Compression Index. Field compression diagrams for the soil at 
different levels may be constructed, as shown in Fig. 12-5, by methods 
presented in Chapter 5. The first step is to construct the virgin compression 
curve for uniform sand. This is accomplished by reference to Eq. (5-7), 


C. = a (@ — b) 


The values 0.10 and 0.40 are substituted for the constants a and b, respec- 
tively, and @yx = 1.0 is substituted for ¢. Thus, for the virgin compres- 
sion curve, 
C. = 0.10 (1.0 — 0.40) 
= 0.06 


With this information the virgin compression curve is constructed and the 
intercept of this curve with the value e = e,,;, is established. Points 
representing values of e, p at different depths are then plotted, and field 
compression diagrams for successive layers beneath the footing are con- 
structed. These diagrams are assumed to be typical of those for compacted 
soil and are therefore represented as being linear in shape. 

With linear compression diagrams, compression index values are de- 
termined directly from the slope of the diagrams. These values are then 
tabulated in Fig. 12-4. 


12-9. Settlement Calculation. When the field compression diagram is 
linear, the prospective change in void ratio of each of a number of layers 
beneath a loaded area may be calculated by means of Eq. (5-6b), namely, 


de = C, log (1 + a) 
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and the change in thickness of the various layers may then be computed by 
Inq. (5-4), namely, 
Ae 


AH = H7 





These two equations may obviously be combined to give the expression, 





AH =H ; “ — log G + *2) (12-1) 
The calculations required for completion of the illustrative problem involve 
successive application of this basic equation to each of a number of soil 
layers beneath the footing. 

The total settlement to be expected in this case is seen to be 1.6 in. It is 
important to note that the greatest part of this settlement is the result of 
compression of the 8-blow material directly beneath the footing rather 
than of the 4- and 5-blow material at somewhat greater depth. In other 
words, what is sometimes referred to as the seat of settlement is in a zone 
where although the material is relatively firm, the stress increment is large 
both on an absolute basis and, what is more important, large in respect to 
the existing body stress. At greater depth, even though the material is 
softer, the stress increment is considerably less and the body stress sig- 
nificantly more. This finding is interesting in itself, and it substantiates a 
number of previous statements on the subject of soil compressibility and 
bearing capacity. What is more, it establishes the basis for a rational 
approach to a program of preconstruction site treatment which will effec- 
tively reduce the prospective settlement to a tolerable value. Now that 
it is clear that the seat of settlement is in a 5 to 10 ft. interval beneath the 
footing, it follows that if the soil in this interval can be effectively com- 
pacted, the settlement will be materially reduced. In other words, the 
remedy in this case is compaction to a relatively shallow depth. Methods 
of accomplishing this are described in Chapter 14. 


Spread Foundation over Weak Substratum 


12-10. Given Conditions. The following example has been prepared to 
illustrate a method of taking into account the effect of reduction in body 
stress due to basement excavation and also the effect of stress overlap be- 
tween adjacent, closely spaced columns. In addition, the existence of a 
weak substratum has been assumed to illustrate a condition in which the 
seat of settlement is located at some depth beneath footing grade, 

The given conditions, which have been deliberately simplified, are do» 
picted in Tig, 12-6 
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12-11. Body Stresses 

In-place Density and Unit Weight. As in the case of the previous ex- 
ample, calculation of the initial body-stress distribution involves a deter- 
mination of unit weights. Fig. 12-3 was not developed for sand and gravel 
formations. For purposes of this calculation, a unit wet weight value of 
140 lb. per cu. ft. was assumed for the moist material above ground water 
chiefly by reference to the unit weight values given in Fig. 2-9 (see 
pages 30 and 31). 

For the submerged clay formation, the unit weight was calculated from 
the water content on the assumption that the soil was fully saturated. 
On this basis and with an assumed specific gravity of 2.72, the in-place 
void ratio was found to be 1.17, and the unit submerged weight, approxi- 
mately 50 Ib. per cu. ft. 

Initial Body Stress 

With the above unit weights a diagram for variation of body stress from 
the ground surface to the bottom of the clay layer could be constructed. 
However, in this problem it is only the stress at mid-depth in the clay layer 
which is of interest, since as an approximation it will be assumed that the 
change in thickness of the whole layer is a function of the change in stress 
at mid-depth. 

The initial stress in the clay formation is therefore calculated as 


19 X 140 = 2660 
5 X 50 = 250 


p = 2910 lb./sq. ft. 


Stress Reduction 

The removal of overburden to a depth of 4 ft., as is planned in this case 
will evidently cause a reduction in the body stresses at points beneath the 
floor of the excavation. It is sometimes considered that excavation is 
equivalent to applying a negative loading. This loading is uniformly 
distributed over a finite area. The average stress reduction at any depth 
could be calculated by the 60° or another similar approximation. In order 
to obtain a rough, preliminary idea of the relative magnitude of the effect 
of the excavation for example, the weight of the excavated soil may be 
estimated and compared with the gross weight of the building. In this case 
the column loadings indicate that the gross weight of the building is 18,000 
kips, or approximately 1000 Ib. per sq. ft. of building area. In comparison 
with this the weight of excavated soil is 140 4, or 560 Ib. per sq. ft. Thus 
for the particular conditions which have been assumed in this example, it 
is seen that an excavation of only 4 ft. has the effect of reducing the gross 
loading approximately 50 percent. However, if differential settlements 
within the building area are of interest, as is usually the case, it is not satis- 
factory to work with the average stress reduction. Negative loading like 
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positive loading, which is uniformly distributed over a finite area, has a 
greater effect beneath the center than beneath one corner of the area. For 
this reason, if an approximation is to be used at all, the point-load approxi- 
mation should be used to evaluate the stress reduction at points beneath 
selected locations in the building area. Accordingly, calculations are made 
below for points beneath the interior column H-3 and the corner column 
K-A4, respectively, utilizing the point-load approximation. 

It will be assumed that the building area is subdivided into bays 20 X 30 
{t. in size and that the weight of the soil in each bay may be considered as 
a single point load with a value of 


P = 20 X 30 X 4 X 140 = 336 kips 


ach such load is considered to be applied at the center of a bay. The 
radial distances from the selected columns, H-3 and K-4, to the points of 
application of the negative loads may be either calculated or scaled. It is 
not necessary to determine the distance to the centers of all the bays. In 
lig. 12-6, the centers of significant bays are marked with an X and are 
numbered for reference in the calculations. The depth at which the stress 
reduction is of chief interest is the mid-depth of the clay layer. The distance 
from the floor of the excavation, where the negative loading is applied, to 
mid-depth in the clay is 20 ft. Thus when the radial distance from a 
column to the center of a bay is appreciably greater than 40 ft., the effect 
of the negative load will be insignificant. 

The calculations for the stress reduction at mid-depth in the clay layer 
are given in Fig. 12-7. These calculations show that under the interior 
column the reduction is in the order of 440 Ib. per sq. ft. This approximates 
the value 560 Ib. per sq. ft., which represents the weight of 4 ft. of soil at 
140 Ib. per cu. ft. However, at the corner of the building the stress reduc- 
tion is only 116 lb. per sq. ft. This is because at the corner the unloading 
oceurs in only one quadrant of the space around the point. 


12-12. Stress Increment. Under the simplified conditions which have 
been assumed, all the building loads are applied at the column locations. 
These may be regarded as concentrated loads, Often in practice, there is 
also distributed loading which is applied through a floor slab on grade. 
In such a case, the stress due to the distributed loading would be analyzed 
by a method similar to that used for evaluating the stress reduction due to 
excavation. Since this has already been illustrated, only the column loads 
will be analyzed in this example. 

The calculations for stress due to column loads are shown in Fig, 12-7. 
The stress increment at mid-depth in the élay ja seen to be 1140 Tb, per sq, 
ft. under the interior column and approximately 800 under the corner 
column, However, these are the grows Inerementa, ‘The net atrenn inero= 
monty are respectively 700 and 180 Ib, por aq, fh, at the interior and corner 





364 BASIC SOILS ENGINEERING 











10 @20' 200' 
Area o ot overlap = 


(igen weok substratum 3 
i @ iN “i “1. gene foie 2 - ‘i 


5 Outline oi oF area A 
wie ce of “Tey Seen 


DRE Bt 





Bb chiccbes eth cbc 


© ©G© OG GFFOHHHOD ®@ 


Foundation Plan 


ues! 


4’ excavation 


aa et ee aot aes oo famien ea es es gh a aw alas alesse Se eS Ee 
Compact, si/ty 4 
sand and gravel, N=50 Ground water 


Soft, silty clay, N=5 











w=43 %, LL=60% 289 
29- 
» Bedrock | ~Hardpan i 


Section 







= 


Galen 
Copney ole 480 F126 

te fool 
sree. | 600 | 50 | 6 


Fic, 12-6. Foundation plan and data for example of settlement analysis. 











column locations. Thus the stress in the clay layer will change from an 
original value of approximately 2910 Ib. per sq. ft. at both locations to 
values of 3610 and 3090 lb. per sq. ft., respectively. Settlement will be 
calculated, as shown below, as a function of these changes in stress. 
12-13. Compression Index. With conditions such as those given for 


this example it is quite common to assume that compression in the material 
directly beneath the footings will be negligible, since the underlying ma- 
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179 x 1 =179 
63 x 1= 
20 x1 
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6x1 
10 x 1 =_10 
Total 298 
say 300 lb./ft.2 


2. Stress Increase at Interior Column H-3 
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Tia, 12-7, Calculations for settlement estimate, 
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terial is relatively so much weaker. The author has a suspicion that such 
assumptions are not always completely justified, since the stresses at this 
elevation may be considerable although the material at footing grade is 
relatively strong. However, for simplicity the usual assumption will be 
aoe ae oS and a settlement calculation will be presented for only 
e clay layer. e initial step i i i 
ee cae tep is to establish the field compression charac- 
In the absence of data from actual compression tests, the following pro- 
cedure may be utilized. The virgin compression curve for the clay may be 
established on the assumption that the maximum void ratio likely to exist 
in a natural formation is the void ratio of the material at its liquid limit 
and the further assumption that the compression index for the virgin ound 
pression curve is expressed, at least approximately, by Eq. (5-10): 


C., = 0.008 (LL — 10%) 


For the given conditions, 


€max = 0.60 X 2.72 = 1.63 
and C.. = 0.008 (60 — 10) = 0.400 


The virgin compression curve may then be constructed as shown in 
Fig. 12-8. A point representing the in-place loading and void ratio of the 
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Fig, 12-8, Compression diagram for illustrative example, 
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clay is then plotted in the same figure, and in this case it is found that the 
point lies very close to the virgin compression curve. Consequently, it is 
assumed that the formation is a normally loaded clay and that the com- 
pression index for the virgin compression curve applies to the formation 
as a whole. 


12-14. Settlement 
The compression of the clay under the interior column is therefore 


0.400 700\ _ ‘ 
AH =10X 12*X T+ 1.17 log (1 + sno) = 2.1 in. 


At the corner column, the compression is 


0.400 180\ _ ‘ 
AH = 10 X 12 X log (1 + an) = 0.6 in. 


1+ 1.17 
and the indicated differential settlement is roughly 1} in. 

The indicated differential settlement is more than could be tolerated in 
many cases. A differential settlement of this order would occur in this 
case whether the footing sizes were large or small, a development which 
might have been predicted from the stress overlap at the top of the clay 
luyer. 

The example indicates that when there is a significant overlap of stress 
at the level of a weak substratum, greater settlement may be expected at 
the center than at the ends or corners of the building area even when the 
column loads are approximately equal. This results in a characteristic 
dish-shaped settlement. 

Piling 

12-15. Load Transfer. In estimating settlement of pile foundations, 
it is necessary to reach some conclusion as to the horizon at which the 
major part of the load is transferred to the soil. If this can be accomplished, 
the profile beneath this horizon can be examined to determine whether it 
contains any interval which can be regarded as a seat of settlement. If so, 
« settlement estimate can be made by methods not unlike those used for 
footings. 

It is evident that under any conditions, all loading transferred to the 
soil by skin friction is distributed in some manner over & plane at the level 
of the pile tips. In addition, a certain amount of loading is directly trans- 
ferred to the soil beneath the pile tips by end bearing, ‘The distribution and 
intensity of stress over the plane at the pile tips depends in part on the 
relative magnitude of skin friction and end bearing, 

End Bearing Negligible. If end bearing accounts for a negligible part 
of the load transfer, the piling, as pointed out in Chapter 11, in not being 
used to best advantage, However, if it ie discovered that piling has 
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been so driven and a post facto settlement analysis is required for this con- 
dition, the soil immediately below the pile tips may be considered as the 
seat of settlement, and an analysis can be made as though the building 
loads were applied to individual spread footings at the elevation where the 
pile clusters enter the frictional material, as shown in Fig. 12-9. The exact 
area of the hypothetical footing does not matter if the increase in stress at 
the level of the pile tips is calculated, as explained above, on the assumption 
that each column is the equivalent of a point load. As in the case of the 
spread-footing analysis, it will be found that with approximately equal 
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Fie, 12-9. Load transfer from piling to soil. 


column loads and relatively uniform distribution of loading across the 
building area as a whole, the stress distribution beneath the pile tips will be 
nonuniform, the maximum intensity being at a point beneath the center of 
the building area. 


Skin Friction Negligible. If all the load were transferred to the soil 
by end bearing—and this, of course, could occur only when the tips of 
the piles are driven to highly resistant material—the full load of each pile 
would be transmitted undiminished to the bearing material. This situation 
would be of interest in connection with settlement only if the bearing 
material were underlain by a weak layer. Under these conditions the 
settlement analysis* would be made as though the bearing material were a 
mat or raft foundation supporting a number of concentrated loads. 


* It may also be advisable to investigate the resistant material for strength in punching 
shear. 
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Rate of Settlement 


12-16. Adjustment for Gradual Load Application. The consolidation 
theory described in Chapter 5 is developed from the assumption that the 
load increment is instantaneously applied. Since loads created by construc- 
tion operations are gradually applied, procedures for calculating settlement 
rate must be adjusted to take into account rate of load application. This 
adjustment may be made in the following manner. 

Curve A in Fig. 12-10 represents settlement which would occur ac- 
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Fig. 12-10. Settlement diagram for gradual load application. 


cording to theory if the full load of a structure were applied instantaneously 
al the beginning of the construction period. Curve B in the same figure 
represents settlement which would occur if the full load were applied in- 
stantaneously at the end of the construction period. It is presumed that 
the actual settlement diagram reflecting gradual load application through- 
out the construction period will lie between curves A and B, Specifically, 
it is assumed that if load application occurs at a relatively uniform rate, 
the settlement at the end of the construction period will equal the settle- 
ment which would have occurred in half the time with instantaneous load 
application, ‘This is the basis for locating point @ in Mig, 12-10, Irom 
point a the curve for the residual settlement is taken as the lower section of 
curve A transposed, 
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12-17. Live Loading. The construction diagram used in estimating the 
effect of gradual loading can be drawn so as to make a distinction between 
live and dead loading. Usually, only dead loading is applied during the 
construction period. The full loading period will, therefore, extend beyond 
the construction period. Although not so indicated in Fig. 12-10, this 
could obviously be taken into account in construction of the settlement 
diagram. 


Settlement Not Related to Static Loading 


12-18. Shrinkage 

Volume Change. The change in soil volume due to shrinkage may be 
calculated if information on natural water content and the undisturbed 
shrinkage limit of the soil is available. An example of such a calculation 
is given below: 


Example 1 
Given: w = 54%, SL = 38%, G = 2.72. Assume S = 100% in range, w = 
54 to 38 %. 


Find: Volume change due to shrinkage of soil as water content is reduced to 
the shrinkage limit. 
From Chapter 2, Eq. (2-26): 
Se = uG 


e in nature, 


e = 0.54 X 2.72 = 1.47 

eat SL, 
€sz = 0.88 X 2.72 = 1.03 
Ae = 0.44 


From Chapter 5, Eq. (5-3): 
Ae 
AV: = Vi 
: ‘i+e 


Hence the change of volume per unit volume of soil is 


AV. = 1X S45 = 0.178 cu. ft./eu. ft. 

The volume change calculated above is the maximum to be expected as 
a result of shrinkage for elements of the given soil which are initially at a 
water content of 54 percent. There are many cases where the assumed 
change in water content will vary with depth. The usual experience is that 
change in water content is a maximum at the surface from which evapora- 
tion occurs and a minimum at the ground water level. Thus, for the 
interval above ground water an average value of the change in soil volume 
may be required rather than the above developed maximum value, 
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Settlement 

Unlike the compression of a laterally confined test specimen which was 
analyzed in Chapter 5, the decrease in volume due to shrinkage is three 
dimensional. This becomes evident upon inspection of an area such as a 
crawl space in which excessive shrinkage has occurred. Deep vertical 
cracks in the ground may be observed in such an area. These cracks are 
usually in a hexagonal pattern and may be several inches wide at the top 
and from six to eight feet or more in depth. In order to estimate the 
amount of settlement which may be caused by shrinkage it is necessary to 
establish some relation between lateral and vertical shrinkage. For ap- 
proximate estimates at least, it is considered justifiable to assume that a 
unit cube of soil changes dimensions equally in all directions during shrink- 
age. On this assumption, the prospective settlement may be estimated as 
indicated in the following example. 


Example 2 
Given: The average change in volume per unit soil volume due to shrinkage of 
a clay soil within a depth of 10 ft. is estimated (as explained above) to be 
0.10 cu. ft. per cu. ft. 
Find: Settlement due to shrinkage. 
Unit change in vertical dimension, 


Ah=a-—a’ 


in which a and a’ are dimensions of a unit cube before and after shrinkage, re- 
spectively. Thus 


Ah = 1 — V0.9 = 0.035 ft./ft. 
and 
AH = 10 X 0.035 X 12 = 4.2 in. 


A settlement of this magnitude could cause severe damage to many 
modern structures. Where shrinkage could occur in soil supporting struc- 
tural foundations, this settlement would take place regardless of the inten- 
sity of the static loading. 

12-19. Vibrations. At the present time the effect of vibrations is esti- 
mated chiefly by empirical procedures, Among the present concepts are 
the following: 

It is generally considered that vibrations are of concern in regard to 
settlement only in loose, granular soils, 

It is believed that vibrations with frequencies of the same order of 
magnitude as the natural frequency of the ground have the greatest effect 
and are liable to cause the most settlement, However, the relation between 
frequency and settlement is so poorly established that there in a tendency 
to disregard this consideration, 
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There is some reason to believe that the effect of vibrations does not 
extend much beyond a bulb-shaped zone with a depth and lateral extent 
roughly equal to the average dimension in plan of the foundation element 
which transmits the vibrations to the ground. 

__it _is considered that in loose granular soil, vibrations will eventually 
increase the relative density to a value of the order of magnitude of 75 
_percent. reall 
Application of the above assumptions to calculation of settlement due to 
vibrations is illustrated below. 








Example 3 


Given: A relatively uniform sand formation 25 ft. in depth has the following 
characteristics: e = 0.65, @max = 1.0, @min = 0.4. 
Find: Settlement due to continuous vibrations of a 10 x 10 ft. foundation 
element. 
From Chapter 2, Eq. (2-11): 


Dy = mx =e 
Cmax — min 
Thus relative density corresponding to the initial void ratio, e = 0.65, 
1.0 — 0.65 
Dag = > 
4 1.0 —04 


This value is significantly less than the value Dg = 75 percent, which may be reached 
as a result of vibrations. For the latter value of D,, 


= 58.3% 


€ = Cmax — Da (Cae ad €min) 
1.0 — 0.75 (1.0 — 0.4) 
0.55 


Thus 
Ae = 0.65 — 0.55 = 0.10 


The volume change produced by vibrations under these conditions is one di- 
mensional in character. Thus settlement may be calculated by means of the 
Eq. (5-4): 

Ae 
l+e 
Assuming that vibrations will have an effect to a depth of approximately 10 ft., 

0.10 


AH = 10 X 12 x 7." 7 in. (approx. ) 





AH = H 


PROBLEMS 


12-1, A column load of 100 kips is applied to a footing at approximately ground 
level in an area where the unit weight of the soil has a relatively constant value of 
125 Ib. per cu. ft. At what depth will the vertical stress increment created by this 
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load reach a value of 10 percent of the vertical component of stress due to body 
forces? 


12-2. A uniformly distributed loading of 500 lb. per sq. ft. is applied at the 
ground surface over an area of 50 X 100 ft. At what depth will the vertical stress 
inerement under the center of the loaded area reach a value of 10 percent of the 
stress due to body forces if the soil has a constant unit weight of 118 lb. per cu. ft.? 


12-3. The soil profile at a certain site consists of a formation of relatively firm 
sand and gravel of 25-ft. thickness which is underlain by a soft clay formation. On 
this site it is proposed to erect an industrial building 200 ft. square. The maximum 
concentrated load within the building area is 200 kips, and the intensity of the 
distributed loading transmitted to the ground by the first floor slab is 250 lb. per 
sq. ft. Is it likely that any significant settlement will occur as a result of com- 
pression of the clay? Explain. 


12-4. At a depth of 14 ft. ina formation of uniform sand, the in-place void ratio 
of the soilis estimated to be 0.90. What is the approximate value of the compression 
index of the soil at this depth? 


12-5. At a depth of 20 ft. below the ground surface is a formation of uniform clay 
with a natural water content of 62 percent. The clay has a liquid limit of 80 percent. 
The effective unit weight of the overlying material is 120 lb. per cu. ft. Is the clay 
normally loaded or precompressed? Explain. 


12-6. An interior column footing carrying a concentrated load of 128 kips is con- 
structed approximately at ground surface. At and for 24 ft. below footing grade the 
soil isa loose, uniform, medium sand with an in-place void ratio of 0.90. Beneath the 
sand is hardpan and then rock. If the footing is designed for an allowable bearing 
value of 2000 Ib. per sq. ft., how much settlement due to static loading is to be 
expected? 

12-7. The period during which net loading is being applied to the ground by con- 
struction of a building is estimated to be 6 mo. Assuming that all the load is 
instantaneously applied at the beginning of this period, it is calculated that 60 
percent of the total anticipated settlement would oecur during construction. What 
percentage of the total settlement is to be expected after construction if loading at a 
uniform rate over the construction period is assumed? 


12-8. A clay soil exists in nature with a water content of 42 percent. The un- 
disturbed shrinkage limit of this clay is found to be 25 percent. If the water content 
of the clay is reduced by evaporation to a value of 18 percent and if shrinkage occurs 
equally in three directions, what will be the percentage reduction in the height of a 
unit mass of this clay? 


12-9. A 10-ft. layer of loose uniform sand overlies a compact sand and gravel 
formation. The maximum and minimum void ratio values for this material are 0.85 
und 0,20, respectively. The in-place void ratio of the layer in practioally constant 
at a value of 0.75 from top to bottom. A pleco of vibratory equipment mounted on 
a mat 20 ft, X 20 ft, in size is to be constructed on the wand, ‘To what relative 
density must the sand be compacted to insure that settlement of the mat will not 
exceed 1 in? 


CHAPTER 13 
SUBGRADES AND PAVEMENT THICKNESS 


13-1. Design Practice. Pavements for highways and airfield runways 
and taxiways are constructed on natural soil formations or fills. The load- 
carrying capacity of these pavements and their service life depend on the 
nature of the underlying soil and on the pavement construction. Methods 
for evaluating subgrade soils and for selecting pavement materials and de- 
termining pavement thickness are so numerous they would require a sep- 
arate test for complete description. In general, these methods have been 
developed exclusively for use in this particular field. Few if any of the ana- 
lytical methods developed for use in foundation engineering, for example, are 
used directly in pavement design, and vice versa. Some description of high- 
way and airfield engineering practices is therefore required for completeness 
of discussion of soils engineering procedures. As a preliminary, the chief 
features of a pavement are described for future reference. 


13-2. Subgrades. Pavement construction is illustrated in Fig. 13-1. 
Construction begins with preparation of the subgrade. This is accomplished 
by such grading operations as may be required to bring the ground to the 
desired cross-section and profile. Grading normally involves both cut and 
fill. It is the graded surface produced in this way and the material directly 


eT ee ee Thus the subgrade is 
basically the local material on which the pavement is built. There is little 
opportunity for the engineer to select or, except by compaction and drain- 
age, to modify the subgrade. 

13-3. Pavements 

Function. No matter how carefully prepared, few subgrades would 
have sufficient bearing capacity for direct support of the relatively large 
concentrated loads applied through the wheels of modern vehicles. Fur- 
thermore, subgrade supporting capacity would rapidly diminish in most 
cases unless the subgrade were protected from the weather. It is for 
these reasons that subgrades are paved. Despite the great variety in their 


design and construction, all pavements are classified either_as rigid or 
flexible, depending on the way they distribute Toading over the subgrade. 
Rigid Pavements 


In principle, a rigid pavement functions like a spread footing or other 
structural foundation element. It is a pavement with sufficient strength 


ATA 
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Fig. 13-1. Pavement construction details. 


in flexure to distribute a concentrated load over a considerable supporting 
area even though the supporting material itself is somewhat nonuniform. 
Portland cement concrete pavements are considered to function in this 
manner. As shown in Fig. 13-1(a), such a pavement may be constructed 
directly on the subgrade. However, for various reasons which are dis- 
cussed later, a base course of sand, gravel, or stone is usually placed on the 
subgrade first and the pavement constructed on the base. 

Flexible Pavements 

A flexible pavement is one which has little or no flexural strength. It is 
constructed, however, with sufficient thickness so that stresses at the level 
of the subgrade are reduced to relatively low values, Stress reduction with 
depth occurs in the manner indicated by the Boursinesq equation, A 


flexible pavement has two chief components, namely, s base course of 





sclect_ granular material placed directly on (he Wubgrade and a apegially 


treated surface layer which serves as a wearing course, ‘The bane course may 
vontain several distinct layers, as shown in Mig, 18-1(b), In thin case, the 
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bottommost layer or layers are known as the subbase, and the remainder as 
the base. The wearing course, usually of crushed stone bound with asphalt, 
serves both to resist abrasion and to furnish a waterproof surface. In 


flexible pavement construction all the materials above the subgrade may be 
referred to as the pavement. 


Soil Classification for Subgrade Evaluation 


13-4. Purpose. As previously remarked, many different soil classifica- 
tion systems have been developed. Most of those in common use are 
special-purpose systems, which are valuable in a particular application but 
are more or less limited in others. In the field of soils engineering, a greater 
number of different systems for classifying soils has been developed for 
use in highway and airfield construction than in any other area. These 
__particular systems, though somewhat different in form, are all intended to 
furnish a basis for predicting how a soil will function as a subgrade. Sub- 
grade evaluation is considered a prerequisite to pavement design. Some of 
the better known classification systems in use by highway and airfield 
engineers are briefly described below. 


13-5. Pedological System 

Soil Profile. Pedology is the science which treats of the development 
and characteristics of the surface layers of soil which can support plant 
growth. A pedological soil profile indicating characteristic features and 
terminology is given in Fig. 13-2. It will be seen that the term soil is used 
in reference to only the upper horizons in the profile. 


Distinguishing Features: 
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Fra, 13-2, Pedological soil profile, 
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Categories 

A pedological classification is a grouping of soils which are similar as to 
vegetation (an index of biologic activity), climate (weathering), relief 
(surface drainage), parent material and age (geology). On this basis 
soils are assigned to a number of different categories. The so-called higher 
categories include the order, suborder, great soil group, and family. The 
balance of the categories includes the simple units of classification, namely, 
the series, type, and phase. It is the latter which are of most interest to the 
engineer, chiefly because these are the units which appear on the county 
soil maps. 


Soil Series 

For assignment to a particular series, a soil must have a certain charac- 
teristic color and number of horizons, texture, structure,* chemical com- 
position, and geological history. The series are designated by place names, 
for example, Dunkirk, Norfolk, and Palmyra—usually the name of the 
locality where a soil of this class was first observed. The type is simply a 
textural classification, for example, sandy loam. The phase, a form of 
classification used somewhat infrequently, indicates topographical relief, 
such as near level to level. Thus a typical classification in this system 
(using only the simple units of classification) would be: “Lordstown stony 
silt loam, steep phase.” 

The U. S. Department of Agriculture, sometimes in collaboration with 
agricultural colleges in different areas, has prepared soil maps for many 
different sections of the country. The base for these maps is the standard 
U. 8. Geological Survey Sheet, drawn to a scale of approximately 1 in. to 
the mile. In addition to the usual 20-ft. contours which can be utilized in 
identifying land forms, the map shows the outlines of all the soil series in 
the area. A bulletin giving descriptions of the principal features of each 
soil series accompanies each map. Examples of these descriptions are as 
follows: 


Dunkirk silty clay loam. “The surface soil . . . consists of 8 to 12 ins. 
of... silty clay loam. The upper subsoil to a depth of 24 to 30 ins. is 
a... heavy, compact silty clay loam to silty clay... . The substratum con- 


” 


sists of a tough, compact blue [lake] clay. . . . 
Palmyra gravelly loam. “The Palmyra gravelly loam consists of about 
8 inches of . . . friable gravelly loam . . . resting on a subsoil of . . . loose 
gravelly silt loam or loam which extends to a depth of 8 feet or more, 
_.. The substratum .. . consists of stratified beds of ,,, sand and gravel, . . 
The Palmyra gravelly loam has been formed by the pout glacial weathering 
*'The term structure ia used by the pedologiat to deseribe the type of vinible ageregie 


tion, for example, erumb, nut, and columnar, 1b does not refer to arrangement of 
individual particles, expecially microssople and submicromeople particles, 
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and alteration of delta material laid down by swiftly flowing streams enter- 
ing temporary glacial lakes... .”’ 


Suitability for Classification of Subgrades 

The pedological classification system is particularly suitable for use in 
agronomy, where it has been generally adopted, since it relates chiefly to 
the arable surface materials in the upper horizons. It is also well adapted 
to the requirements of the highway engineer, who, likewise, is concerned 
with the characteristics of surface soils. For example, it is evident from 
the descriptions given above that in the area of the Dunkirk silty clay 
loam, the subsoil is a heavy lake clay, while in the Palmyra gravelly loam 
area the subsoil is a clean, free-draining, medium-to-coarse gravel. This 
has obvious significance in respect to paving and foundation problems. 
Soils as different as these are often found side by side. Highways, even 
airfield runways, sometimes cross from one type to another. The pedo- 
logical classification system and airphoto interpretation prior to detailed 
ground investigations give valuable information on these major changes. 
Furthermore, highways and even airfield runways extend over such dis- 
tances that a broad classification of soils over a considerable area is re- 
quired, at least for preliminary studies. The pedological system and the 
results obtained from airphoto interpretation are about the only means of 
meeting this requirement economically. 

There is, of course, no feature of the pedological classification system 
which gives an actual evaluation of a particular soil as a subgrade. This is 
accomplished by the highway engineer chiefly through experience. It is a 
relatively simple matter, however, to organize and to extend field experi- 
ence as to soil behavior once it is realized that soils of a particular series and 
type no matter where encountered will behave in a similar manner. Having 
had experience with a particular soil in one part of a county, it is like meet- 
ing an old friend to find the same soil at another location. Furthermore, 
most state highway departments have established the index properties of 
each soil series in the area and are, therefore, in a position to evaluate the 
soil as a subgrade. 


13-6. Highway Research Board System 

Basis for Classification. The Highway Research Board (HRB) system 
is a revision of the Bureau of Public Roads (BPR) system which was 
developed for the special purpose of evaluating soil as a subgrade ma- 
terial. The basis for classification is the expected behavior of the soil 
as a highway subgrade. Thus soils which behave well are grouped in 
one class, those which behave poorly in another class, and so on. It can 
be seen that a classification by this system might have little significance 
in some other application. 
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Groups 
Under the HRB system, soils are classified in seven groups, designated 


A-1 to A-7, inclusive. To the uninitiated, reference to a soil by one of 
these group numbers, A-3, for example, is meaningless. However, some 
indication of the meaning can be gained if it is realized that the groups 
are numbered in order of desirability, the best subgrade materials being in 
group A-J, the worst in A-7. A tabulation taken from the Proceedings of 
the 25th Annual Meeting of the Highway Research Board, pp. 376-82, is 
given in Fig. 13-3 to provide a brief description of the principal features of 
each main group. 


Silt-Clay Materials 
More than 35% passing No. 200) 


Sieve Analysis, percent 
passing: 





Characteristics of fraction 
passing No. 40: 
Liquid limit 
Plasticity index 








@ The placing of A-3 before A-2 is necessary in the “left-to-right elimination process” 


and does not indicate superiority of A—3 over A-2. 

CLASSIFICATION PRocEDURE: With the required test data available, proceed from left 
to right on the above chart, and the correct group will be found by process of elimination. 
The first group from the left into which the test data will fit is the correct classification. 
(Note all limiting test values are shown as whole numbers. If fractional numbers ap- 
pear on test reports, convert to the nearest whole number for purposes of classification.) 


Fia. 13-3. Highway Research Board classification of subgrade materials. 


Classification Procedure 

Approximate or tentative classifications can be made on the basis of 
visual examination of the soil by those who have gained a familiarity with 
this system. However, for positive classification it is intended that classi- 
fication tests will be made and test results utilized in a prescribed manner, 
A feature of the system is that the number of tests required has been re- 
duced to a minimum—sieve analysis, liquid limit (LL) and plastie limit 
(PL) tests.” When classification tests have been conducted, the procedure 
described in the instructions given beneath the table in Mig, 18-3 is followed 
to establish a classification. 


* With the BPR ayatem, analysis by hydrometer na well ae by aleve was condueted, 
and in addition to the LL and PL, there waa the shrinkage limit wand the fold moisture 


and centrifuge moisture equivalents, 
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Chart 2 
12 orless Percent PassingNo.200 or more 
15 25 35 45 


Group index = sum of 
readings on vertical scale 
of charts. 





75 65 55 45 35 
ormore Percent PassingNo.200 or less 


Fia. 13-4. Charts for determining group index. 


Group Index 

A special feature of the HRB system which was not included in the BPR 
system is the rating of soils by means of a group index. Charts for de- 
termining the group index from classification test data are reproduced in 
F ig. 13-4. Assuming that good construction practices are used in all cases 
it may be assumed that the supporting capacity of two different soil typal 
as subgrades are inversely proportional to their group indexes. The range 
of the group index is from zero, which indicates a good subgrade material 
to 20, which indicates a very poor subgrade material. The group index is a 
factor in a method for determining the required thickness of a flexible pave- 
ment, which is described in a later section. 

13-7. Other Systems 

CAA. The system developed by the Civil Aeronautics Administra- 
tion* for classification of soils for airport construction is quite similar 
in principle to the HRB system. It contains 13 soil groups, desig- 
nated E-1 to E-13. The numbering of these groups is in order of de- 
sirability of the soil as a subgrade. Groups H-/ to H-é are granular soils 
EG to E-18 fine-grained soils. There is a provision in this system for 
taking into account drainage and frost conditions as they affect rigid and 
flexible pavements, respectively. 


* See Airvort Pavin , ‘ ‘oy lot 
tion (hag, Apa U.S. Department of Commerce, Civil Acronautios Administras 
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Unified Soil Classification System 

The Unified Soil Classification System,* which is now in general use by 
the Armed Services, is a development of a classification system devised by 
Arthur Casagrande and originally termed the Airfield Classification (AC) 
System.} Principal features of the system are shown in Fig. AIV-1 of the 
Appendix. Characteristics pertaining to roads and airfields, including 
correlation of soil groups with CBR and subgrade moduli, are shown in 
Fig. AIV-2 of the Appendix. 

13-8. Contrast with General Purpose Systems. It will be noted that 
the special systems devised for classifying soils according to their perform- 
ance as subgrades make little or no provision for describing the in-place 
density or consistency of the soil. The implication is that in a subgrade 
the soil tends eventually to reach its worst condition, and that pavement 
design must anticipate the possible consequences. It must be realized that 
subgrades are almost always above the ground water and-are-in-the soil 
interval which is especially susceptible to the effects of freezing and thawing 


and wetting and drying. They are also subject to the dynamic loading of 
traffic. It can be seen that these conditions are quite different from those 
existing in foundation engineering and excavating operations, where in- 
place density may be the controlling factor. Thus whi clay soil is rated 
near the bottom of the list as a subgrade, it may, if firm and, especially, 
if precompressed, provide an entirely satisfactory structural foundation 
material. 7-7." 


13-9. Classification As to Frost Susceptibility. A number of the special- 
purpose classification systems described above give general indications of 
the extent to which a soil is frost susceptible. A means of classifying soils 
with specific reference to frost susceptibility is used by the U. 8. Corps of 
Ingineers. { Soils containing less than 3 percent of grains finer than 0.02 
mm. (the 200-mesh sieve has openings of 0.074 mm.) are considered to be 
frost-free§ materials. The remainder are placed in the following four 
vroups, which are listed approximately in the order of increasing sus- 
ceptibility to frost heaving and/or weakening as a result of frost melting. 


Group Deseription 


F-1 Gravelly soils containing 3 to 20 percent finer than 0,02 mm, by weight 
F-2 Sands containing 3 to 15 percent finer than 0,02 mm, by woight 


* “The Unified Soil Classification System,” US, Corpa af Mngineera Technical Memo- 
randum No. 8-867, See also Appendixes I and I, 

} Arthur Casagrande, “Classification and Identifieation of Bolla,” ASCH Trana,, Vol. 
113 (1948), 901, 

{ Part XU, Chapter 4, Wngineering Manual for Miltary Construction, Ootober 1054, 

§ The designation frou free does not imply that the material will not frooge, Not only 
may those materials freese, but asa general rule, they freee more quickly than others, 
Tho designation indicates that though frosen, they do net heave, 
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F-3 (a) Gravelly soils containing more than 20 percent finer than 0.02 mm. b 
weight , < 
(b) Sands, except very fine silt ini 
; y sands, containing more than 15 
finer than 0.02 mm. by weight : i 
(c) Clays with plasticity indexes of more than 12 
(d) Varved clays existing with uniform subgrade conditions. 
F-4 (a) Allsilts including sandy silts 
(6) Very fine silty sands containing more than 15 percent finer than 0.02 
mm. by weight . 
(c) Clays with plasticity indexes of less than 12 
(d) Varved clays existing with nonuniform subgrade conditions 


Special Tests for Subgrade Evaluation 


13-10. Plate Bearing Tests. It is a common practice to determine the 
thickness of a rigid pavement required for a given wheel load by application 
of equations developed for this purpose by H. M. Westergaard. The 
Westergaard equations relate the maximum allowable tensile stress in the 
concrete to the wheel load and a number of pavement characteristics, one 
of which is the radius of relative stiffness. The value of this latter tera 
depends on the supporting capacity of the subgrade, as indicated by the 
modulus of subgrade reaction (subgrade modulus). The subgrade modulus 








Loading Intensity on 30": Diameter PI 
iit ean) er Plate 








0.30 


0.10 0.20 
Settlement of 30" Plate in Inches 
Fia, 138-5, Load-settloment diagram, plate londing tost for subgrade modulus, 
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may be defined in general terms as the slope of a load-settlement diagram 
constructed with data from field loading tests on the actual subgrade. 
Such a diagram is shown in Fig. 13-5. 

Tests conducted to determine the subgrade modulus are always on 
30-in. diameter plates and for this reason are known as plate bearing tests. 
There is some difference in test procedures by different agencies. The 
U. 8. Navy Civil Engineer Corps and a number of highway departments 
define the modulus as the ratio of the loading intensity to the settlement 
when the latter has a value of 0.05 in. The U. 8. Corps of Engineers uses 
the ratio of loading intensity to settlement when the latter is 0.10 in.* 
A general expression for the modulus could be written 


_ loading intensity on 30-in. plate = 
en specified settlement Gael) 
in which 

kt = subgrade modulus in psi per inch 


Values of the modulus determined at a settlement of 0.05 in. are not 
sufficiently different from those determined at 0.10 in. to make any sig- 
nificant difference in the calculated pavement thickness for given conditions. 
Of much greater practical importance is the condition of the subgrade 
at the time the test is performed. It is usually specified that the test is to 
be made with the soil at or close to its optimum moisture content.{ Various 
procedures are then prescribed for determining the effect of a possible in- 
crease in moisture. Field control over moisture conditions at time of test 
is not too difficult in a compacted test fill, but it is relatively difficult in a 
cut section. If the field moisture content is appreciably different from the 
specified value, the subgrade modulus will be significantly affected. 

The range of k values is from about 50 to 700 psi per in. or more. For 
preliminary design purposes an experienced engineer can assume a value 
appropriate for use with a given type of soil. A tabulation giving the range 
of k values for each of the BPR soil groups is given in Fig. 13-6. A cor- 
relation of k values with soil types is also indicated in Fig. AIV-2 in the 


Appendix. 

“The objective is to determine the slope of the londesottloment diagram in a range 
of settlements of the same order of magnitude as thowe which would occur as the result 
of deflection of a rigid pavement under loading, Hither 0,05 or 0.10 in, could be said 
to be of about the right order for this purpose, wherenn appreciably higher values might 
be questioned, 

{} This notation is the same as that for the Daroy coolliglent of permeability, but it is 


xo well established that it docs not appear practicable to change \t, 

{ Soil compaction and the significance of optimum molature content are discussed in 
Chapter 14, Note that a plate bearing teat # jould not be performed until the optinun 
molwture content ab each toxt location haa been determined, "Thus the ooat of a plate 
bouring towt muat include the coat of the preliminary compaetion teonthig, 
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VALUES OF Moputus k or SUBGRADE REACTION 





BPR . ; i Approximate 
Classification Soil Group and Typical Description Range of 
‘ Values of k 
A-1 Well graded gravel-sand-clay; excellent binder.......... 400-700 
or greater 
A-1 Sand-clay mixtures; excellent binder................... 250-575 
A-2 Gravel with fines, very silty gravel, poorly graded gravel- 300-700 
Friable sand-clay and sand-clay mixtures; poor binder; friable or greater 
A-2 Poorly graded clayey gravels, gravel-sand-clay and sand- 
Plastic clay mixtures; inferior binder; plastic................ 175-325 
A-3 Well-graded gravel, gravel-sand mixtures, and sands; little 325-700 
OF NON Ba5. 6%, om, SB Ses aheao esa, Sintec. okt Se dee os hale rs gia. or greater 
A-3 Poorly graded gravel, gravel-sand mixtures, and sands; 
little or no fines..................000.. Wis Blan atuatitlatacs 200-325 
A-4 Predominantly silt soils with moderate to small amounts of 
course material and small amounts of plastic clay. .... 100-300 
A-5 Poorly graded silty soils which contain mica and diatoms 
and which have elastic properties................... 50-175 
A-6 Clay soils with moderate to negligible amounts of course 
materials; includes well-graded inorganic silt-clay, sand- 
silt-clay, and sand-clay soils........................ 50-225 
A-7 Elastic clay soils with moderate to negligible amounts of 
coarse materials; usually poorly graded or contain 
organic or other materials which make them elastic. ... 50-225 





Fic. 13-6. Subgrade modulus (k) values. 


13-11. California Bearing Ratio. The California bearing ratio* (CBR) is 
the ratio of the resistance to penetration developed by a subgrade soil to 
that developed by a specimen of standard crushed-rock base material. The 
resistance of the crushed rock under standardized conditions is well es- 
tablished. The objective of a CBR test is to determine the relative re- 
sistance of the subgrade material under the same conditions. In contrast 
to the plate bearing test, which is primarily used for rigid pavement design, 
the CBR test is used in connection with design of flexible pavements. 

The test may be conducted an a specimen which is brought into the 
laboratory, or it may be conducted on a prepared section of subgrade in the 
field. Procedures followed in either case are similar in principle. It is 
believed that in most cases the test is conducted in the laboratory, and the 
procedure for such a test is briefly described below. 

Laboratory Test Procedure 


The material to be tested is first compacted in a cylindrical mold to an 
approximation of the density and moisture conditionst which will be 

* The California bearing ratio is so named because the test was originated (in 1929) 
by the California Division of Highways. 


{| Compaction testing to determine the optimum moisture content is therefore a 
necessary preliminary, 





SUBGRADES AND PAVEMENT THICKNESS 385 


specified for the subgrade. The mold and the compacted specimen are 
then submerged in a tank of water for a period of four days. During the 
soaking period, water has access to both the top and bottom of the speci- 
men. Swelling is inhibited, however, by placing a surcharge weight on the 
top of the specimen, which creates a pressure equivalent to that of the 
pavement.* After soaking, the penetration test is conducted using a flat- 
ended penetrometer with a specified area (area = 3 sq. in.; diameter = 
1.95 in.). The penetration test data are used to construct a diagram re- 
lating loading on the penetrometer in psi and penetration in inches. After 
certain corrections have been made, the loading at a specified penetration 
is determined. The CBR value of the soaked specimen is then computed 
as the ratio of the loading in psi at the specified penetration to the loading 
for equal penetration of the standard crushed-stone specimen. A pene- 
tration of 0.1 in. is usually specified. A loading of 1000 psi is said to be 
required for this penetration of the standard specimen. Thus the CBR 
value at 0.1-in. penetration would be calculated as 


CBR% = 
loading intensity in psi on penetrometer at 0.1-in. penetration X 100 


1000 (13-2) 


CBR values for soaked specimens of subgrade soils range from about 
3 percent to as much as 60 to 80 percent, as shown in Fig. AIV—2 in the 
Appendix. For preliminary thickness estimates, CBR values are often 
assumed on the basis of experience or of tabulations such as that referenced 
above. 


Pavement Thickness Design 


13-12. Variables. The factors to be considered in determining the re- 
quired thickness of a given type of pavement include the nature of the 


siibgrade, the maximum wheel load, the volume of the traffic, and climatic 
conditions. Of the many different design procedures currently in use, 
some give consideration to all the above mentioned factors, some to only a 
few. In general, subgrade characteristics and wheel loading are the basis 
of most airfield pavement design methods, whereas in highway engineering 
there is some tendency toward use of traffie volume rather than wheel 
loading as a controlling factor, at least in flexible pavement design, A few 


of the most common design procedures are briefly described below, 





* Since the CBR toast is used in determining pavement thicknow, the surcharge oetie’ 
to be used during the text must be approximated, Rabaequentiy, if it in foune as 
thore ia a substantial difference between the teat aureharge and the peu pavemen 
thickness, the tewt must be repeated with a closer approximation of the surcharge, 
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. - Portland Cement Association 
Fie. 13-7. Thickness design chart, rigid pavements. 


Thickness in inches 
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18-13. Rigid Pavements. Most current methods for determining the 
required thickness of concrete pavements are based on theory developed 
by Westergaard.* For practical application the theory has been reduced 
to a number of charts in various forms prepared by the Portland Cement 
Association, numerous state and federal agencies, and others. A number 
of modifications of the original theory have been introduced in some of 
these charts. A type of chart in common use is illustrated in Fig. 13-7. 
For a given type wheel load the chart gives pavement thickness in terms of 
flexural strength of concrete, subgrade modulus, wheel load, and tire 
pressure. 


13-14. Flexible Pavements 

Design Charts. The total thickness of base and wearing courses re- 
quired on a given subgrade has been related to the CBR value of the 
subgrade in a purely empirical manner by a number of different agencies. 
The empirical relationship is commonly expressed in the form of design 
charts, although in some cases a formula is used. Design curves used by 


Corps of Engineers California Bearing Ratio 
0 0 4 5 6 7 8910 12 






































eles, | 
gt eB Peeseerr TT Crt 
a.) o% ete ee 
eal & ere iT TTT Trt Tt 
BL BRT TT Forcier te acm 
a Le ™ Load | Thickness in feet for CBR 
sl 98) 

Pele | es ee | 
20 2 ee ET ey Se ae le 
Oo oO 40 
pe et a ee | | 
Cae afr 
£ e ea ets | Flexible Pavement Design Curves 
er ee Single whee! 
eo EEE tei apse tat tH 

60 

70 
May, 1966 By permission, Chief of Engineers 
Fra, 18-8. Thickness design chart, flexible pavements, 

* TL, M, Weatergaard, “Analysis of Stresses in Conoreto Pavements due to Variations 

of Temperature,” Proe, Highway Research Board, \020; Stroma Concentrations in Plates 


Loaded Over Small Areas,” Trans, ASCH, Vol, 108 (1048), B31; New Vormulaa for 
Streasea and Deflectiona in Concrete Airfields, Tooh, Momo, Navy Dopt, Hu, Yda, & 
Dooka (Sept, 1045), 
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the Corps of Engineers are illustrated in Fig. 13-8. The curves in this 
figure show the thickness requirements for single-wheel landing gear.* 
Group Index Method 
The group index method of determining flexible pavement thickness was 
developed by D. J. Steel} for application primarily in highway engineering. 
Like the CBR method, it is empirical in nature. The chart illustrated in 
Fig. 13-9 gives the required thickness of wearing and base course plus in 
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Highway Research Board 
Fra. 13-9. Thickness design chart, group index method. 


some cases a subbase course as a function of the group index of the subgrade 
and the traffic volume. Wheel loading as such does not enter the picture 
except that certain assumptions as to the frequency of heavy wheel loads 
were made in preparing the diagram. 

The chart shows that flexible pavements on subgrades having a group 
index of 1 or less require no subbase. The combined thickness of wearing 
and base course for these subgrades varies from 6 to 9 to 12 in., depending 
on the traffic volume. For poorer subgrades, 4, 8, or 12 in. of subbase must 
be added to the wearing and base course in proportion to the group index 
rating of the soil. 


* Although not explicit in the chart, inflation pressures are a factor in wheel loading, 
However, inflation pressures are sometimes varied with wheel loadings so as to maintain 
a more or less constant tire deflection and contact area. To accomplish this, a tire 
under a load of 25,000 Ib., for example, would be inflated to 250 psi, while the same tire 
under a load of 10,000 lb. would have a 100-psi inflation pressure. The variation of 
pavement thickness requirements with wheel loading when tire pressures are varied in 
this manner are shown in Fig, 13-8. When tire prossuros are not varied in this manner, 
pavement thickness requirements for a given wheel load would vary with inflation 
pressure. A different set of design curves would be required for these conditions, 

+ D. J. Steel, “Application of the Classifioations and Group Index in Hatimatin 
Desirable Subbase and Total Pavement Thicknows," Proc, Highway Research Board, 
Vol, 25 (1945), 
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13-15. Frost Action. Pavement which is specifically designed to antici- 
pate the possibility of subgrade freezing and thawing may be constructed 
either with a sufficient total thickness to prevent frost penetration or with 
sufficient strength to carry the design load when the subgrade reaches its 
weakest condition during thawing. The U.S. Corps of Engineers recom- 
mends prevention of substantial subgrade freezing for all pavements con- 
structed on F-4 type soils and for pavements on other frost-susceptible 
soils when conditions are such as to produce detrimental, nonuniform 
heaving. 

PROBLEMS 


13-1. Enumerate four soil classification systems used in the field of highway and 
airfield engineering. 
13-2. Three different samples of subgrade material have the following charac- 
teristics: 
Sample Number 


1 2 3 

Sieve Analysis Percent Passing 
INO, LO SleVes tect cyren$ oceans ands ga ba Meine Whe nerne oie 0 80 . 
N6:-40 SIOVE ss ..5. ccna penn eee Res ERO od eee eee Cea 58 : i 
ING; DOO SIE VES es in cin SESS cee FON ne Gud aacow es Selasle ee ales 20 4 
For Minus No. 40 Fraction 

. 20 35 55 
Talseescietted aSoteara sig sorte waauesee TOM Ease pee eke a onre te 
Plce s'scostataci Maca arariri avid ereradeeanntet a ahsedsre Meas ncunited, a0 iis fe Baers 12 12 20 


Determine the group classification and the group index for each sample according to 
the HRB classification of highway subgrade materials. 


13-3. Classify the above described subgrade samples as to frost susceptibility, 
assuming that the 0.02 minimum fraction is 2 percent for No. 1, 20 percent for No. 
2, and 40 percent for No. 3. 

YY —4.\From Fig. 13-6 select appropriate subgrade modulus values for each of 
ete materials described in Problem 13-2. 

13-5. What thickness of rigid pavement will be required for a wheel load of 
10,000 Ib. at 100 psi pressure if the concrete has a flexural strength of 600 lb. per 
sq. in, and the subgrade modulus is 500 psi per in.? 

13-6. Assuming a medium volume of traffic, what total thickness of flexible pave- 
ment and base courses would be required for each of the subgrade materials de- 
scribed in Problem 13-2 according to the group index method? 














CHAPTER 14 


SOIL COMPACTION AND STABILIZATION 


14-1. Definition. The term stabilization is used rather loosely to refer 
_to various procedures which are undertaken to improve soil characteristics, 
_bearing capacity in particular. There is, furthermore, an implication in the’ 

use of this term that after treatment the soil will be less sensitive to climatic 
effects, that is, more stable as to condition. 

The development of stabilization procedures represents man’s efforts 
to make the soil conform to at least certain minimum specifications. This 
is in contrast to the practice of making the design of structures conform to 
the natural characteristics of soil. In many urban areas, only the poorer 
sites now remain for development. Practical and economic methods for 
improving soil characteristics are therefore of increasing importance. 

14-2. Methods. §tabilization procedures fall into at least two main 
categories and innumerable minor ones. The main categories are mechani= 
cal stabilization and chemical stabilization. Each category may in turn be 
subdivided according to the purpose or basic principle of the operation, 
methods and equipment utilized, and so forth. A limited discussion of the 
more common procedures is given below. It may be well to state at this 
point, however, that cost, as well as technical considerations, is a major 
factor in undertaking soil stabilization. Since costs change rather rapidly 
with technological improvements and with the national economy, it is im- 
practical to give much cost information in a text. Nevertheless, use of a 
given method or choice from several alternates cannot be made without an 
economic study. The reader must therefore supplement the following 
deseribuye material with current information on construction and material 
costs. 


Mechanical Stabilization Principles 


14-3. Objectives. Mechanical stabilization is usually undertaken with 
the objective of modifying one or more of the following soil characteristics! 
density, water content, or gradation. In a number of cases a considerable 
improvement in stability can be Thade by drainage alone. Control of 
moisture plus compaction is an even more effective process. Improvement 
of gradation is a rather specialized operation usually employed only in low- 
cost road construction. , 


“A limited amount of cost data is given in Appendix VI, 


800 
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Increasingly, mechanical stabilization is being thought of in terms of 
compaction as the main factor Wi ations as secondary. To 


‘discuss or to conduct compaction 0 ions it is necessary to have an 


understanding of moisture-density relations and what is known as com- 
paction effort. 

144. Moisture-Density-Compaction Relationship 

Investigation by Proctor. The work of R. R. Proctor in 1934 helped to 
focus attention on the influence of soil moisture on the density which can 
be obtained during compaction. Information and experience on this sub- 
ject have since been accumulated to such a point that it is now standard 
practice on large or important earthworks construction to establish some 
measure of control over moisture content while compaction is in progress. 


Compaction Effort 

It will be noted that three variables are under discussion: moisture 
content, density, and compaction, or more specifically, compaction effort. 
The first two have already been explained, but a further word regarding 
compaction effort is in order. Compaction equipment consists of various 
types of rollers, tampers, and vibrators. Each type, as a rule, is available 
in many different sizes and weights. Any one piece of equipment may be 
operated to pass over a given area any specified number of times. The 
effect produced is related to each of the essential characteristics of the 
equipment, such as design, weight, intensity of pressure, and so on, plus the 
number of passes which the equipment makes over a given area. It is 
evident that the possible combinations of these variables are virtually 
innumerable, and consequently that direct comparison of various items of 
equipment is rather difficult. However, the practical problem on a given 
job is usually to arrange for utilization of a particular machine to best 
advantage. With a particular machine the variables are reduced essentially 
to number of passes, speed of forward motion, and in many cases, weight, 
since it is common to provide a means of changing weight by ballasting. 
For a field operation* the term compaction effort can therefore be defined as a 
specified number of passes of a given machine of given weight at a given 





speed. Under a given compaction effort, it will be shown, density varies 
with moisture content. However, at a given moisture content, the density 





of a given soil varies with compaction effort, that is, with variation in num- 
ber of passes or weight of the specified equipment, Actually there is an 
important fourth variable, namely, soil type and gradation, At a given 
water content and under a given compaction offort, a clay and a sand or 
even a clay and a silt will respond very differently, ‘The present discussion, 
however, relates to compaction effect on a particular soil. 

* Other definitions apply to compaction methods used tn laboratory toate, 


{ For a discussion of the charactoristion of a number of different soll types under a 
given compaction effort, see Appendix AT and in partioular, Hig, Aled, 
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Fie. 14-1. Compaction test diagrams. 


Moisture-Density Relations 
“he interrelation of the three variables —denvity, moisture content, and 
‘ a action effort—is graphically represented in lig. 14-1. Diagrams of 
this ie often referred to as Proctor curves, are in such common usage that 
‘ goo understanding of their characteristics and significance is advisable. 
ccordingly, a somewhat detailed explanation is given, 
ae of the curves, A, B, G, and D, represents moisture-density data 
or the same soil under a particular compaction effort. Density is conven 
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tionally indicated in these diagrams by unit dry weight,* usually in pounds 
per cubic foot; moisture content by moisture as a percentage of dry weight 
of solids. All Proctor curves are generally alike in respect to developing 
a more or less well-defined peak. It is this characteristic peak which so 
clearly indicates that with a given compaction effort, maximum density— 
often regarded as the objective of the entire operation—will be obtained 
at a particular water content. This water content is universally known as 
the optimum, that is, the best or most favorable moisture condition for 
obtaining the desired result. In practical terms these curves indicate that 
it is inefficient to undertake compaction when the soil is either drier or 
wetter than its optimum moisture content if attainment of peak density is 
the objective. When the soil is too wet by this standard, the inefficiency of 
the operation can readily be observed in the field, as the roller tends to bog 
down and displace the soil rather than to compress it. Compaction on the 
“dry side” (of optimum) is not so obviously inefficient. Compaction and 
carthmoving equipment both operate with less difficulty on drier material, 
and contractors tend to prefer this condition. Placement of fill material 
which is slightly drier than optimum can actually be justified, but not 
on the basis of efficiency of compaction. 

Maximum Density and Optimum Moisture 

It is desirable to emphasize at this point that the terms maximum density 
and optimum moisture when used in this context are of relative, not abso- 
lute, significance. Each relates to effects produced on a particular soil under 
a particular compaction effort. Assuming that the four curves in Fig. 14-1 
represent effects produced on the same soil by successively greater compac- 
tion efforts, it can be seen that maximum density increases with com- 
paction effort. Even at point a on curve A, however, it may be the case 
that the absolute maximum density attainable for this material by means of 
a combination of steady pressure, tamping, and vibration has not been 
reached. 

‘The optimum moisture content, it will be observed, is also a variable, 

creasing with increasing compaction effort. Little or no generally ac- 
cepted theory has been developed to explain this variation, although the 
relationship is well established by countless observations. 





Degree of Saturation 

The four Proctor curves, A, B, C, and D, as plotted in Fig. 14-1, all lie 
under an envelope which is designated 100 percent 4, This designation 
means 100 percent saturation, and the curve is the locus of all points which 
satisfy the requirements of Kq. (2-26); 


Se = wll 


* Density may, however, be represented by vold ratio, and for certain purponed thin 
in more convenient, A vold ratio scale ia therefore Included in Wig, bdet, 
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for the condition S = 100 percent. . The curve is also referred to at times as 
the zero air voids curve. As the diagram is constructed it is impossible to 
plot a point having real values of e and w, which lies to the right of this 
zero air voids curve. Points to the left of the curve give an indication of 
partial saturation, and contours of equal degrees of saturation less than 
100 percent roughly paralleling the zero air voids curve may be drawn. This 
draws attention to the fact that all successful compaction operations are 
conducted on partially saturated soil. Compaction of a fully saturated soil 
__would be impossible unless, under the roller, some water could be squeezed 
out. This is a practical impossibility with most soils. 
14-5. Compaction Standards 
Laboratory Compaction. Much of the available data on moisture-density 
relations like that in Fig. 14-1 have been obtained from laboratory ex- 
periments. In these experiments the minus No. 4 fraction of soil from 
subgrades or prospective borrow areas is compacted in a small cylinder, not 
by any process of rolling similar to the field operation but by a standardized 
tamping process. The so-called Proctor cylinder (or mold) and tamper are 


illustrated in Fig. 14-2. _The compaction effort in the laboratory test_is a 
function of the weight of the hammer, the distance through which it is 


allowed to fall, and the number of times it is dropped on a given layer of 
soil in the cylinder. By comparison of laboratory and field data the effort 
required in the laboratory tamping process to obtain approximately the 
equivalent of results produced by rolling or other field operations has been 
determined. This has led to the adoption of at least two compaction 
standards: the standard Proctor and the modified AASHO. 


Standard Proctor Compaction 


The standard Proctor test is conducted with a 5.5-lb. tamper, which is 


allowed to drop 12 in. ‘The soil is compacted in three successive layers in 
the Proctor cylinder, and the tamper is dropped 25 times on each layer. 


The densities obtained during this process are considered to be roughly the 
equivalent of densities obtained in the field under three passes of the rela- 
tively light compaction equipment which was in use prior to World War II. 
The standard Proctor test may also be used as a measure of the compaction 
likely to be obtained with modern equipment on jobs where it is impractical 
to exercise much if any control over the compaction operation. 


Modified AASHO 





successive layers, and each layer receives 25 blows of the tamper. ‘The 
densities obtained are considered to be roughly the equivalent of field 
compaction under the relatively heavy post-World War II earth moving 
and compaction equipment. 
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WT 
U 
Fia. 14-2, Compaction test equipment, 


It is now fairly common practice to use the modified AASHO compaction 
test procedure to establish job compaction standards, Ut is also common to 
specify that during construction, densities at least equal Lo 95 percent of 
this maximum must be obtained in the field, The adoption of any such 
standard, however, is in part a matter of convenience and should be #0 
recognized, The logical objective of compaction in wetually not an arbi- 
trarily determined density. In short, compaction is not an end in iteell, 
Rather, the objective is attainment of a certain minimum abrongth OV ro. 
duction in permeability or compressibility, Unfortunately it ie quite time 
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practical b control field compaction by conducting shear, permeability 
or compresion tests. Experience shows that densities equivalent to 95 
percent mdified AASHO are adequate for normal requirements in respect 
to other sol properties. Hence the adoption of this standard. Compaction 
however, ad the necessary inspection and control which go with it may 
add signifiantly to the cost of the work. When a high degree of compaction 
is unnecesary, adherence to an arbitrary standard is unjustifiable. 


Compaction Equipment 


14-6. Sttic Rollers 

Smooth-V heel Roller. The smooth-wheel roller was probably one of the 
earliest tyyes of roller developed. A current model is illustrated in Fig. 
14-3. It isextensively used in compacting base course materials and in nu- 





Buffalo-Springfield Roller Co, 
Fra. 14-8. Smooth-wheel roller. 


merous finisting operations. It is not considered appropriate for compact- 
ing soil in rdatively deep layers. However, it is often used on large earth- 
fill jobs for sealing the working surface after each day’s operation in order 
to assist in expediting runoff in the event of rain, Self-propelled rollers of 
about a 10-ton weight are suitable for this purpose, 
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Sheepsfoot Roller 

The sheepsfoot roller, as shown in Fig. 14-4, is a drum to which are 
attached the numerous projections known as feet, which give the roller its 
name. According to common belief this roller was developed to simulate 
the compacting effect of animals passing repeatedly over a trail or cattle 
path, where, it may be observed, extremely high densities are produced. 





Southwest Welding & Manufacturing Co. 
Fra. 14-4. Sheepsfoot roller. 


The effectiveness of this form of compaction is attributed to the fact that 
at any one time the full weight of the roller bears on a relatively small 
number of the tamping feet, thereby developing a high intensity of pressure. 
‘here is also considered to be a certain kneading effect as the roller moves 
forward. 

The drums of these rollers are so constructed that their weight may be 
varied by full or partial filling with oil or water or water and sand, The 
two most common roller sizes are probably those with 40-in,- and 60-in.- 
diameter drums. Rather than being rated by size or total weight, however, 
it is customary to rate these rollers by the intensity of pressure under the 
teeth. This is calculated on the assumption that the full weight of the 
roller is carried on a single row of (4) teeth.” The amatler rollers are rated at 
about 250 psi, and the larger ones at 450 pai contact preamure, 

*'The rollor illustrated in Mig. 144 haa a somewhat unusual arrangement of teeth 


which causes the weight to be carried more nearly on two teeth than on four, whieh 
rosulte in an Inereased contact pressure, 
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One or more such rollers in various combinations may be drawn by a 
single tractor. The larger rollers require a tractor roughly equivalent in 
size to the D7, and if there are several pairs of rollers it is advisable to use 
a D8. The compacting effect of these rollers varies somewhat with the 
tractor speed, but they are not as sensitive in this respect as certain other 
rollers. A speed of approximately 5 mi. per hr. is usually considered satis- 
factory. 

It is said that a sheepsfoot roller compacts soil from the bottom up. 
When a sheepsfoot roller is used on layers of loose, freshly spread soil, the 
feet usually penetrate to the bottom of the layer on the first pass. Com- 
paction at the base of the layer is thus accomplished. On successive passes, 
if the soil is in proper condition the roller will ride higher and higher until 
at last it is said to ‘‘walk out.”’ Observation of the behavior of the roller is 
a relatively dependable and very convenient method of controlling a 
compaction operation. Unless the roller behaves as described above, and 
unless the ground surface “weaves’’ slightly as the roller passes over it, it is 
practically certain that moisture content or some other aspect of the opera- 
tion is wrong. 

In normal usage, the sheepsfoot roller is recommended for compacting 
relatively fine-grained soils, such as silty clay and clay. It is usually not 
considered effective on coarse-grained cohesionless materials. An incidental 
advantage of the sheepsfoot roller is that it tends to break down a certain 
number of the weathered or flat rock fragments in the fill into smaller 
pieces. 

The sheepsfoot roller is considered to be capable of compacting soil 
layers approximately 8 in. thick prior to compaction and to be able to 
reduce the thickness of such layers to approximately 6 in. 

Grid Roller 

A fairly recent development in compaction equipment is the grid roller, 
illustrated in Fig. 14-5. The faces of these rollers are made of removable 





Hyater Co, 


Fia. 14-5, Grid roller, 
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grid sections formed by interweaving 1)4 in. round bars. The openings 
between the bars are 314 in. square. 

The roller construction consists of two 60-in. rollers on a single axle in a 
frame with provision for ballasting with concrete blocks. The total gross 
weight of such a unit when ballasted is 15 tons. The roller can be towed 
at a relatively high speed (10 mi. per hr. or more) by a power grader on 
rubber tires or by a small caterpillar tractor. 

In principle, the action of this roller is similar to that of a sheepsfoot 
roller in that the total weight is applied to a relatively few points where high 
unit pressures can be created. This feature, plus its special construction, 
makes this roller effective for pulverizing and reworking bituminous or 
black-top roads as well as for earth-fill and subgrade compaction. 


Rubber-tired Roller 

Rubber-tired rollers have been in use for some time in earthwork. ‘The 
first such rollers were relatively small and were used mainly for surface 
compaction and finishing operations. Under the impetus of wartime and 
postwar construction, especially airfield construction, larger and larger 
rollers of this type have been developed. One such roller in fairly common 
use is the 50-ton roller illustrated in Fig. 14-6. This roller has a single 
axle with four wheels with large rubber tires, each inflated to a pressure 
of approximately 80 psi. The particular roller which is illustrated has « 
divided weight box which can be filled with sand and gravel. The purpose 
of this construction is to allow independent movement of each weight box 
as shown in Fig. 14-6(6) and equal pressure at all times on each wheel, 
Similar rollers up to 200 tons in weight when fully loaded have been con- 
structed. 

The action of the rubber-tired roller is believed to be a combination of 
pressure and kneading. To a lesser extent any rubber-tired earth-moving 
equipment has a similar action, and for expedient operations such equip= 
ment is sometimes used for soil compaction. 

The 50-ton roller can be drawn by a D8 tractor. It functions satise 
factorily at speeds up to approximately 10 mi. per hr. Like the grid roller, 
the rubber-tired roller is considered to be effective either on cohesive or on 
vranular soils and is thus somewhat more versatile than the sheepsfoot 
roller. It is also believed that this roller is capable of compacting, soil 
layers of approximately 12-in. thickness, which gives it a further ad- 
vantage. 

14-7. Vibrating Rollers" 


Operating Principle. Vibratory compaction equipment of many vario- 
ties, including but not limited to rollers, has been developed chiefly for 


“The rollers deseribed in the preceding seetion are referred to ie aatie roller tn 
order to distinguish them from vibratory rollers, 


400 BASIC SOILS ENGINEERING 


) 


Southwest Welding & Manufacturing Co, 
Fie. 14-6. Rubber-tired roller. 


the compaction of granular soil. Before special compactors were de- 
veloped it was a common practice to use caterpillar tractors for this purpose 
since their operation provides a vibratory effect. This practice, in fact is 
still followed in expedient construction. ‘Tractors are not highly effective 
however, since their weight is usually distributed over such a large track 


area that unit pressures are low, and the vibratory effect is incidental and 
of relatively low intensity. 
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The vibratory effect in a number of rollers and other similar pieces of 
equipment is obtained by the rapid rotation of eccentric weights which 
are opposed in such a way that the net effect is solely in an up-and-down 
direction. Vibrations at a frequency of 1500 to 2000 cycles per min. 
(25 to 30 cycles per sec.) can be produced in this way. As noted in Chapter 
10, this frequency is in the range of the natural frequency of ordinary soil 
formations. Thus with a relatively light compacting device requiring very 
little power to operate, the compaction effect of an extremely heavy and 
cumbersome unit can be equaled or exceeded. 


Smooth-Wheel Vibratory Rollers 

One type of vibratory roller is illustrated in Fig. 14-7. This unit is in- 
tended to be tractor-drawn.* The single, smooth roller has a diameter of 
48 in., and the total weight of the unit is 3144 tons. No provision is required 





Vibro-Plus Products Co. 


Fia. 14-7. Smooth-wheel vibratory roller. 


for dead-weight ballast. The roller can be towed by almost any light 
rubber-tired or crawler-type tractor. 

Among the advantages claimed for this roller are greater depth of com- 
paction with fewer passes than can be obtained with much heavier static 
rollers. Under certain conditions an increase in soil density at depths of 
several feet beneath the roller have been reported, and within ordinary 
working depths 95 to 100 percent compaction has been obtained in as little 
as two passes. 

This roller is somewhat more sensitive to the speed at which it is towed 
than a number of other rollers. In general, the slower the forward speed 
of the roller the more effective its operation, Tt is apparently moat effective 
on granular soils but is not limited exclusively to this type of material, 


* Solf-propelled rollers of similar construction are also manufactured, 
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Iowa Manufacturing Co, 


Fie. 14-8. Rubber-tired vibratory roller. 





Barco Manufacturing Co, 


Fia, 14-9, Mechanioal tamper, 
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Rubber-tired Vibratory Roller 

A rubber-tired roller equipped with a vibratory unit has also been devel- 
oped. One such roller is illustrated in Fig. 14-8. In this roller the vibra- 
tory effect is transmitted to the frame and axle and thus through the rubber 
tires to the ground. 

The illustrated model weighs 60,000 Ib. when loaded. It has two large 
rubber-tired wheels spaced about 6 ft. apart. Like the smooth-wheel vibra- 
tory roller it operates best at relatively low speeds, for example, 2 to 5 mi. 
per hr. The constant-speed vibrating mechanism operates at 1400 rev. per 
min., each revolution producing one upward and one downward impulse. 
With its appreciable weight and rubber tires this machine is reported to be 
almost equally effective on granular and cohesive soils and can be operated 
as a static roller if desired. 


14-8. Tampers and Vibrators. For use in close quarters, as in back- 
filling near walls or columns, small portable tampers are desirable. Re- 
placing the old, hand tamps are a number of mechanized units in fairly 
common use, such as the Barco Rammer, which is illustrated in Fig. 14-9. 
This machine is actuated by internal combustion and is completely self- 
contained. It operates at about 60 strokes per min. and has a total weight 
of about 200 lb. A pneumatic tamper is shown in Fig. 14-10. These units 
can be operated singly or in gangs of three to six units. 

A vibratory compactor is illustrated in Fig. 14-11. This equipment 
utilizes one or more electrically actuated vibratory units consisting of a 
motor and a sled-type base, which rests on the ground. These units can 
be operated at frequencies up to 4500 vibrations per min. For multiple 
use they can be mounted on a specially developed rubber-tired tractor which 
carries a generator and provides a self-contained, self-propelled compaction 
unit. The equipment is intended primarily for use on gravel or stone base 
courses and on granular fills and subgrades. 

Another type of vibratory compactor is illustrated in Fig. 14-12. It is 
somewhat similar to the above compactor in that it consists of an as- 
semblage of independent tamping units. The units are actuated me- 
chanically rather than electrically. They operate at 2200 vibrations per 
min. These machines are commonly used for compacting base and subbase 
courses and for vibrating screenings into crushed stone bases. 


14-9. Vibroflotation. In contrast to all the above described types of 
compaction equipment which are intended for surface compaction, the 
Vibroflot is a form of equipment expressly developed for compaction of 
granular soils to considerable depths, The development of this device and 
the Vibroflotation process is the work of 8, Steuerman,* ‘The equipment, 
and its method of operation are illustrated in Fig, be 1s, Briefly, the Vibro- 


*S, Stouerman, “A Now Soil Compaction Doyle,’ Bagineering Newselecord (duly 20, 
10st), 
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Ingersoll-Rand Co. 


Fic. 14-10. Pneumatic tamper. 





Jackaon Vibratora, Ine, 


Kia, 14-11, Vibratory compactor, 
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International Vibration Co. 


Fig. 14-12. Vibro-Tamper. 


flot is a long, relatively heavy cylindrical assembly somewhat resembling a 
length of piling. The resemblance to piling is increased by the fact that a 
crane equipped with leads like those of a pile-driving rig is used to handle 
the Vibroflot. In operation the Vibroflot is picked up and placed in the 
leads. Water supplied through hose connections is used to produce a 
jetting action powerful enough so that the Vibroflot can be gradually 
lowered into the ground for its full length, At this point, the vibratory 
action is initiated. Vibration is obtained by the rotation of a vertical 
shaft with eccentric weights inside the device, The action is similar to 
that of a conerete vibrator. This action gives the Vibroflot a tendency 
to oscillate and thereby to compact the surrounding soil laterally, As 
compaction takes place the space occupied by the Vibroflot is enlarged, 
As this happens additional material brought in for the purpose is shoveled 
into the erater around the Vibroflot at the ground surface, This backfill 
material works down into the space surrounding the Vibroflot and in in 
turn compacted as the operation continues, When maximum compaction 
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Vibroflotation Foundation Co; 
Fia. 14-18. Vibroflotation, 
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at a given level has been accomplished, the Vibroflot is raised a foot at a 
time, and this operation repeated. During this operation the ground level 
remains at approximately a constant elevation. Thus the extent of the 
lateral compaction which is accomplished can be judged by the volume of 
backfill sand which is added. It is not unusual to find that several cubic 
yards can be added at each location. 

On completion of a compaction operation at one point, the equipment 
is moved to another point nearby. The compaction effect extends to dis- 
tances of approximately 5 ft. from the device; hence coverage of an area 
with operations on approximately 10-ft. centers is required. 

Under favorable circumstances the Vibroflotation process is competitive 
with use of piling as a means of providing adequate bearing capacity in 
loose granular soils, and in some cases it has been used to accomplish a 
considerable saving in cost as compared with cost of piling. 


Control of Compaction 

14-10. Specifications. Compaction specifications are usually written in 
terms which establish the percentage compaction to be obtained. Such a 
specification will give the standard which is to be used, such as modified 
AASHO or standard Proctor. The usual requirement is that a specified 
percentage, usually in the range of 90 to 100 percent of the compaction 
obtainable under the standard laboratory operation, be obtained in the 
field. As previously noted, such a specification does not refer to a single 
unit dry weight value as the objective, since the weight attainable with a 
given compaction effort varies with the character of the soil. 

The specifications may or may not refer to moisture content. Some 
engineers believe that attainment of a certain density is the essential 
criterion and that so long as this is accomplished, moisture content is 
secondary. Others believe that the specifications should include the range 
of moisture content within which the contractor will be permitted to work. 
When this practice is followed, the range is usually established with refer- 
ence to the optimum moisture content rather than to any one numerical 
value. 

14-11. Control Principle. Compaction control is largely an inspection 
operation undertaken to determine the percentage compaction being ob- 
tained in the day-to-day construction operation and to insure that the 
specified amount of compaction is accomplished, as a condition to ac- 
ceptance of the work for payment. Under certain conditions this form of 
inspection can be relatively simple, while under others it can be a major 
operation requiring a large organization and extensive laboratory and other 
facilities. To a considerable extent the difference between these two ex- 
tremes depends on the nature of the soil which is being compacted, since 
the more variable the soil is, the greater will be the difficulty in controlling 
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the compaction operation. It may also be stated that the more variable 
the soil, the more difficult is the compaction operation itself. Contractors 
bidding on earthworks construction involving compaction would be well 
advised to investigate this aspect of the work with great care in making up 
a proposal. Some of the significant aspects of compaction control are dis- 
cussed below. 


14-12. In-Place Density. The basic field measurement in ai a 


ere operation is a determination of the in-place density of the 





material which has been compacted. This is accomplished either indirectly, 





by a penetrometer test, or directly, by a weight and volume measurement. 


Penetrometer 

During the preliminary compaction testing in the laboratory, a pene- 
trometer reading can be obtained for the material in the Proctor mold 
after each test. A correlation between penetration resistance, unit dry 
weight, and moisture content can then be established as shown in Fig. 
14-14. The penetrometer can later be used to test the material as it is 
compacted in the field. When resistance values are obtained which equal 
those obtained in the laboratory for specimens compacted to the specified 
density, the work can be accepted subject to a limited number of check 
tests by methods described below. The penetrometer has many obvious 
advantages and should be used whenever possible. Unfortunately, it can- 
not be used in stony soil, and this places a serious limitation on its value. 

Sampling 

In-place density may also be determined by taking a sample from the 
fill and determining its weight and volume. As a general rule, no effort is 
made to keep the sample intact as it is being taken. The volume measure- 
ment is made by determining the volume of the hole from which the sample 
was taken. Hither the sand-volume or balloon test specified for this purpose 
by ASTM can be used. The wet and dry weights of the loose material com- 
prising the sample are then determined, usually in a field laboratory. This 
method has the advantage of direct and independent evaluation of unit 
weight and water content. 

14-13. Calculation of Percent Compaction 

Effect of Textural Variations. Knowing the in-place density of the 
soil from a sampling operation, it would appear to be a simple matter 
to determine the percentage compaction. The first of a number of diffi- 
culties which may arise is that of establishing the unit weight which 
the material would have if compacted as specified in the laboratory, 
If all the material being placed at a given location is evidently of the 
same texture and gradation, a relatively small number of laboratory 
compaction tests can be made on typical samples prior to start of construc« 
tion, and the data from these tests can be used as the job standard. How- 
ever, when the material is so variable that each load obviously differs from 
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Fic. 14-14. Penetrometer resistance data. 


the preceding one, as is sometimes the case, it becomes necessary to make 
numerous compaction tests as well as in-place density tests in the field as 
the work proceeds, This is an expensive and time-consuming requirement 
which should be circumvented whenever possible, Mven when extensive 
testing of this nature is performed, the results are never entirely satis- 
factory, as the maximum Proctor density may vary by as much as 20 Ib, 
per cu, ft, within short distances in the fill, 
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Effect of Stone Content 

Another difficulty is stone content. As previously stated, the laboratory 
compaction test is conducted on the minus No. 4 fraction of the soil. 
Compaction in the field, however, is conducted on the complete sample, 
which may contain appreciable amounts of plus No. 4 material. The 
presence of the plus No. 4 material has two opposing effects on density. 
On the one hand, the stones tend to increase the density, since in themselves 
they have a considerably greater unit weight than the binder. On the 
other hand, their presence interferes with compaction, so that under a given 
compaction effort, the density of the binder is less than would be the case 
in stone free material—in the laboratory sample, for instance. Thus a 
specification which reads, ‘the jill shall be compacted to a (specified) 
percent of densities obtained at optimum moisture content using the 
modified AASHO method” is ambiguous to a serious degree if the fill 
material contains a significant amount of plus No. 4 material. 

To overcome this difficulty, specifications sometimes plainly state that 
the minus No. 4 fraction of the fill material shall be compacted to a certain 
percentage of the density attainable in the laboratory with a particular 
compaction method. While this removes the ambiguity of the specifica- 
tion, it should be taken as a red flag by a contractor bidding on the work, 
since it is much more difficult to meet such a specification than would nor- 
mally be the case. As an alternative method of eliminating ambiguity, 
it may be stated that the unit weight of the total fill material, including the 
plus No. 4 fraction, shall be brought to a specified percentage of the labora- 
tory standard. 

A third alternative is to use a method of estimating compaction effect 
which takes into account the stone content. The method, developed by the 
CAA,* is recommended for this purpose. The CAA studies led to the de- 
velopment of the following expression: 


P;xX Dy; , P. X 0.90D; 
Page fe 100 (-§ 
in which 
D = maximum dry density of total sample in pounds per 
cubic foot 
D; = maximum dry density of minus No. 4 fraction in pounds 
per cubic foot (as determined by specified laboratory 
compaction test on minus No. 4 fraction) 
D, = unit weight of particles in plus No. 4 fraction in pounds 
per cubic foot (calculated with bulk specific gravity) 
*R. C. Mainfort and Warren L. Lawton, “Laboratory Compaction Tests of Coarse 
Graded Paving and Embankment Materials,”’ V'echnical Development Report No, 177 
(Civil Aeronautics Administration Technical Development and Evaluation Center, June, 
1952), 
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P; = percentage by weight in minus No. 4 fraction 
P. = percentage by weight in plus No. 4 fraction 


When provision is made in the specifications for use of the CAA* or any 
similar method, the laboratory standard for the minus No. 4 fraction can be 
established according to regular practice, and then the unit dry weight of 
the total sample can be measured in the field and compared with the value 
of the term D in Eq. (14-1) (or some specified percentage of D) as a means 
of checking the compaction operation. 


14-14. Relative Density. Whereas percentage compaction is the ac- 
cepted means of evaluating the compaction of mixed soils in subgrades and 
embankments, relative density is often used as a criterion in the com- 
paction of granular soils, especially when compaction is obtained by some 
vibratory process. This is apt to be the case particularly when the purpose 
of the compaction is to compact the soil to such a density that vibrations 
occurring after construction will result in little or no settlement. Field 
control methods under a specification in terms of relative density are the 
same as those when percentage compaction is specified. However, the job 
standard must be established by a number of tests to determine the maxi- 
mum and minimum void ratio or density of the soil rather than by a labora- 
tory compaction operation. A discussion of this problem (and of the Vibro- 
flotation process) has been given by D’Appolonia.t 

14-15. Remedial Measures. When it is found that field compaction is 
not producing the required densities, there are basically two remedies to 
be applied. Either the water content must be adjusted, or the compaction 
effort must be increased. Often it proves to be easier to diagnose than to 
remedy the difficulty. 


Water Content Variation 

Probably the most difficult task is to reduce the water content of material 
which is significantly above optimum. Normally this is accomplished 
through aeration of the soil. Aeration is usually undertaken on the fill by 
such a process as scarifying and blading the wet material. One of the most 
effective methods of aeration is to process the material with a power tiller, 
such as a Pulvimixer, but it is not always practical to have such a machine 
standing by. Aeration is sometimes undertaken by a series of rehandling 
operations in the borrow area. 


“ Methods for relating the percentage compaction of material with more than 60 per- 
cent stone content to the compaction obtainable by standard Proetor or modified 
AASHO compaction on minus No, 4 material are not available, ‘Thin creates a problem 
in writing specifications for stone base courses, Ad an alternative to a percentage come 
paction specification for these materials, the layer thicknew and wolght of voller may 


be specified, 
{ Kio D'Appolonia, “Loove Sands—Thelr Compaction by Vibroflotation,”’ Speetal 
Technical Publication No, 160 (ASTM, 1058), 
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When the soil is too dry, moisture can be added either on the fill or in the 
borrow area. On the fill the water is usually added by a pressure distributor 
truck with spray bar. After water has been added in this way, there may 
be a problem in distributing the water evenly through the soil prior to com- 
paction. It is believed by some that the sheepsfoot roller assists in this 
distribution. 

Compaction Effort 

With a given piece of equipment, compaction effort can be increased by 
increasing the weight of ballast or the number of passes of the unit or by 
reducing the thickness of the spread layer. It is obvious that it can also be 
increased by bringing in heavier or different type equipment. In some 
cases it can be increased by reducing the forward speed of the compaction 
equipment. 


Chemical Stabilization 


14-16. Where Used. Various methods of chemical stabilization have 
been developed to meet certain well-defined needs. Of these, one is the 
need for a supplementary process to make the effects of mechanical stabili- 
zation more lasting. Soils which are highly compacted at suitable moisture 
content are initially capable of carrying the heaviest modern traffic and of 
supporting tremendous loads. However, without additional treatment the 


abrade more or less rapidly under traffic or soften and disintegrate as a_ 


result of wetting and drying, freezing and thawing, and so on. Use of 
chemicals to stabilize surface soils—mainly in connection with low-cost 
road construction—has therefore been under study for many years. 

Another need for chemical stabilization is for impregnating subsurface 
formations either to increase their bearing capacity or to render them im- 
“permeable. Efforts to increase bearing capacity in this way have so far 
been ee ene mainly to strengthening the soil under existing structures 
which have begun to settle. Chemical treatment of a building site in 
advance of construction is still seldom attempted. Impermeable barriers 
constructed by injecting chemicals into soil formations are used to reduce 
or eliminate seepage from storage reservoirs or movement of ground water 
into excavations. 

14-17. Methods and Cost. The chemical stabilization of surface soils, 
as in low-cost road construction, usually involves a mechanical mixing of 
the soil and the chemical—often accomplished by methods and with equip- 
ment similar to those used in the blending of two different soil types. In 
this operation the chemical is often in dry or powdered form. Penetration 
of subsurface formations, however, is usually accomplished by injection 
methods similar to pressure grouting with the chemical suspended or dis- 
solved in a liquid. 
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The following discussion is limited to a description of only a few methods 
of chemical stabilization. Several hundred different methods have been 
proposed and used on at least an experimental basis. However, a great 
many are worth consideration only under very special conditions, for ex- 
ample, when the required chemical is locally available either as a waste 
product or at exceptionally low cost—molasses, for instance, which has 
actually been used (in molasses-producing areas). 

The practicability of chemical stabilization is severely limited by cost 
of the chemical delivered on the job. Once this cost exceeds a very modest 
figure, it will usually prove to be more economical to employ some alternate 
and more conventional method of construction. A few exceptions to this 
general rule occur in instances when a specific improvement in soil properties 
can be obtained by using only minute quantities of a relatively high-priced 
chemical. 


14-18. Soil-Cement. Admixture of Portland cement with soil followed 
by certain processing produces a product widely known as _ soil-cement. 
This type of stabilization has been developed for the particular purpose of 
stabilizing subgrades and for base course and sometimes pavement con- 
struction for relatively low-cost roads, airfield runways, taxiways, park- 
ing aprons, and the like. The construction procedure is as follows: 

Initial stages of construction, that is, grading and shaping of the sub- 
grade, are first completed by conventional methods. In bringing each 
section to specified line and grade, consideration must be given, however, 
to the texture and organic content of the soil which will constitute the sub- 
grade. Ordinary cement will not react in soils with any significant organic 
content, nor is it practicable with present-day equipment to accomplish 
thorough and effective mixing of cement with heavy clays. Hence, sections 
containing such materials must be given special treatment. Organic ma- 
terials must be removed and replaced, and heavy clays either removed or 
blended with imported granular materials. Requirements for such pro- 
cessing should obviously be established by a preliminary soil survey. 

When the subgrade has been prepared, Portland cement is distributed 
over the surface in predetermined quantities. The cement is then thor- 
oughly mixed with the soil to a depth of 6 to 8 in. Mixing is most efficient 
when the soil is relatively dry. Cohesionless soils handle and mix more 
readily than clays. On completion of of the mixing, water is added-as-re- 
quired, and then compaction, usually with a sheepsfoot roller, is under- 
taken, Attainment of extremely high density in the soil-cement layer is 
very desirable. In addition to the sheepsfoot, rubber-tired or smooth- 
wheel rollers may be used for additional compaction and for finishing. A 
curing period, usually no longer than five days, may be specified after 
finishing, with straw or loose soil being spread over the surface to minimize 
evaporation, 
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After the curing period the soil-cement roadway may be placed in 
service immediately. However, with even the best of construction, the 
soil-cement surface is subject to wear under traffic. Accordingly, it is com- 
mon practice to add a seal and wearing coat. Tar is often used as a prime 
coat and then a light asphalt treatment is applied with stone chips for sur- 
facing. This stone and asphalt surface is often built up by periodic main- 
tenance to the proportions of a pavement, in which case the soil-cement 
functions as a base course. 

The amount of cement required for this type of construction varies 
somewhat with the texture and other characteristics of the soil. It is 
rarely less than 5 or 6 percent by weight and for economic reasons seldom 
exceeds about 12, or at the most 15, percent. A general rule with cement, 
as with most chemicals, is that the finer the soil, the more additive is re- 
quired for a given effect. 


14-19. Bituminous Stabilization. Bituminous materials are used to 
stabilize or improve the properties of soils in subgrades and expedient or 
low-cost_base courses_as well as for seal coat and pavement construc- 
tion. They-are also used for numerous incidental purposes, such as a dust 
palliative, as_a light shoulder treatment, and as a seal for earth dikes. 
While it is possible in a few applications to use penetration methods, gen- 
erally mechanical mixing of the soil and the bituminous product is required. 

The objective of mechanical mixing is to coat the individual soil particles 
with the bitumen. It is quite desirable, therefore, to have the soil at least 
in an air-dry condition at the time of mixing, since the presence of water 
films on the particles interferes with coating. The bitumen must be in 
liquid form initially. After being mixed, the bitumen must harden suffici- 
ently to provide a durable bonding effect. Heavy bituminous materials 
may be liquefied by heating. Cut-back asphalts, that is, a mixture of 
bitumen with a volatile liquid, and asphalt emulsions may also be used. 

If liquefaction is obtained by heating, the soil must be heated as well, 
to avoid premature hardening of the asphalt. At the present time about 
the only available equipment which is suitable for heating soil is the ag- 
gregate drier, commonly used in plant-mix asphaltic pavement con- 
struction. Only the coarser sands and gravels can be processed through 
present-day aggregate driers; hence this form of bituminous stabilization 
is limited to these materials. A further limitation is imposed by the fact 
that the entire construction process—which involves not only drying and 
mixing but also placing, spreading, compacting, and finishing—must be 
completed before the mixture cools. 

When cut-back asphalt is used, air drying of the soil is required prior to 
mixing, and aerating is necessary afterwards to provide opportunity for 
evaporation of the volatiles. An obvious hazard in this work, especially 
during the initial period of air drying, is unexpected rainfall, 
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With an emulsified asphalt, water is actually introduced with the bi- 
tumen; hence the soil need not be air-dry initially. However, the total 
water content of the soil-bitumen mixture must be reduced to a very low 
figure during construction to insure adequate coating of the soil particles. 
When this is not accomplished, the soil is sometimes less stable after this 
treatment than it would be after mechanical stabilization alone. 


14-20. Grouting. For many years the term grouting was used almost 
exclusively in reference to the injection of mixtures of Portland cement, 
water, and often sand—that is, a Portland cement grout—into rock or 
gravel formations. Recently, somewhat similar injection methods have 
been utilized for impregnating soil and rock formations with chemicals in 
liquid form. The term chemical grouting is often used in this connection. 
One particular process of chemical grouting discussed below is referred to by 
its developers as sotl solidification. Grouting, either with Portland cement 
or other chemicals, affords a means of stabilizing soils in place at con- 
siderable depths below the surface under certain special conditions. The 
stabilization which can be accomplished in this way either cements the soil 
particles together to form a concrete or a rocklike material of considerably 
greater strength than the untreated soil, or it fills the voids with some 
impervious material intended to reduce soil permeability to some signifi- 
cantly lower value. The hardening of soils at depth is obviously desirable 
in improving the bearing capacity of loose formations, either prior to or 
after construction of buildings or structures of many types. The creation 
of a “grout curtain,” that is, a relatively narrow band of low permeability 
material, is desirable for reducing seepage in dam and reservoir projects 
and in controlling ground water movement into excavations. 

All grouting or injection processes developed thus far are limited to use 
with the more pervious soils. This limitation is naturally a matter of de- 
gree, some processes being superior to others for a given soil. However, 
unless there is resort to mechanical mixing as well as injection, grouting 
scarcely merits consideration for soils containing more than a few percent 
of particles finer than the 200-mesh sieve. A grout of Portland cement and 
water, in fact, cannot be used to fill voids in materials much finer than 
coarse sand. 

Of the chemical grouting processes, one of the best known is the so-called 
Joosten process. This is based on the reaction of sodium silicate and cal- 
cium chloride to form a hard, insoluble, calcium silicate gel. For soil 
solidification, solutions of these chemicals are injected in succession, the 
sodium silicate first. Reaction of the chemicals in the voids of a natural 
sand formation produces a material which it is claimed, resembles a natural 
sandstone in many respects. There are many inherent difficulties with a 
process of this type, Normally the reaction between these chemicals occurs 
very rapidly, This creates the necessity for separate injection of the 
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chemicals. A rapid setting of the chemicals on contact in the voids tends to 
limit the extent to which the second chemical can be injected. That the 
process has been successful in numerous applications is an indication that 
this difficulty has to some extent been overcome. 

In contrast to the Joosten process, the use of chemicals which can be 
combined without immediate hardening offers obvious advantages. The 
chrome-lignin process, based on the oxidation of the lignin contained in 
sulphite waste liquor with a chromium salt, is an example. The time re- 
quired for gel formation with this process is subject to control, so that the 
chemicals may be premixed and injected as a single solution. A special 
asphalt emulsion known as Shell-Perm is another illustration. 


PROBLEMS 


14-1. The following data are obtained from a series of Proctor compaction tests 
using a cylindrical mold %o cu.ft. in size and weighing 7.48 lb. 


Test Number 1 2 3 4 5 
Water content (dry-weight basis)...... 5.2 8.0 9.8 10.6 11.3 
Weight of mold and wet soil (pounds)... 11.80 12.09 12.20 12.16. 12.18 


(a) Plot the data in the form of a conventional Proctor curve with a scale for unit 
dry weight on the left and void ratio on the right. (Assume G = 2.68.) Also plot 
the zero air-voids curve. (b) Determine the maximum Proctor density and optimum 
moisture content. (c) Determine the degree of saturation of the soil at optimum 
moisture content. 


14-2. (a) During the course of construction of an earth dam a sample is taken from 
the embankment for in-place density determination. The following data on this 
sample are obtained: Volume of total sample, 0.704 cu. ft.; total wet weight, 95.0 
lb.; total dry weight, 89.5 lb.; dry weight of plus No. 4 fraction, = 45.5 lb.; bulk 
specific gravity of plus No. 4 fraction, = 2.40. (1) Calculate the unit dry weight of 
the total sample; (2) calculate the unit dry weight and water content of the minus 
No. 4 fraction. (Assume water held by the plus No. 4 fraction is 0.5 percent of the 
dry weight of the solids.) 

(b) The peak density obtained for this material (on the minus No. 4 fraction) with 
modified AASHO compaction is 134 lb. at a water content of 8.5 percent. (1) Cal- 
culate the percent compaction of the total sample; (2) calculate the percent com- 
paction of the minus No. 4 fraction of the sample; (3) calculate the unit dry weight of 
the total sample for 100 percent compaction, using the CAA formula; (4) calculate 
the percent compaction of the total sample, using the value obtained in Problem 
14-20 (3) as 100 percent. 

14-3. It is estimated that for a depth of 20 ft. it will be necessary to compact the 
soil at a given site to a relative density of 75 percent in order to minimize settle- 
ment. The area to be compacted is a circle 100 ft, in diameter, A proposal for 
doing this work totals $25,000. What is the cost of this compaction per cubie 
yard? 
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14-4. Calculate the number of pounds of Portland cement per square yard of 
pavement required for stabilizing a 6-in. depth of soil at a 10 percent level of treat- 
ment. Assume that 95 percent compaction will be obtained and that the peak 
density with modified AASO compaction is 135 lb. per cu. ft. dry weight. 


14-5. (a) The cost of a certain chemical is 30 cents per lb. What would be the 
cost per square yard of roadway for using this chemical to stabilize the soil to a 
depth of 4 in. at a treatment level of 10 percent? Assume the compacted weight of 
soil is 120 lb. per cu. ft. (6) How does this figure (which is exclusive of trans- 
portation and construction costs) compare with the cost of conventional pavement 
construction? 


CHAPTER 15 
SITE INVESTIGATION 


15-1. Need. It is now almost universally recognized that reliable infor- 
mation on subsurface conditions is a prerequisite to competent and econom- 
ical design of structures and earthworks. In metropolitan areas in fact, sub- 
surface exploration is required as a condition to obtaining a building permit. 
Methods and programs for site investigation vary widely from what 
amounts to little more than a visual inspection of a site to elaborate and 
costly subsurface explorations by borings plus extended schedules of field or 
laboratory testing. Site investigation may well be considered a specialty 
within the special field of soils engineering itself, and because of the great 
variety of techniques and methods which may be used, there are even recog- 
nizable subspecialties within this field. This being the case, the architect 
and engineer in general practice can scarcely expect to become familiar with 
all the special procedures now available. However, it is important to know 
when a routine investigation will be adequate and when a more extensive 
program is required. By way of introduction to this subject, the following 
discussion of general aspects of site investigation is given. 


15-2. Planning. During the planning and execution of an exploration, 
the chief purpose of the work must be kept in mind. The work is under- 
taken as an essential step in determining soil bearing value for foundation 
design. It is not an end in itself. Thus the plan should be prepared in 
collaboration with the designer or soils engineer who will be responsible for 
analysis and interpretation of results. 

An initial consideration is the type and extent of investigation required. 
For example, a choice must be made between test pits and borings. The 
number and depth of holes to be made by either method is then in question 
as well as the number and type of samples to be obtained, if any. In de- 
ciding on these questions preliminary information on the probable nature 
of the soil and rock formations and on the size and weight of the proposed 
structure is essential. 

In the planning, consideration should be given to the need for soil 
testing either to verify soil classifications or to provide information on com- 
pressibility, shearing strength, or other soil characteristics. Arrangements 
for the testing and for transportation of samples to the laboratory will be 
required if soil tests are to be made. 
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When a program of exploration has been adopted, instructions must be 
given on information and records to be reported and on the desired form 
of the final report. Many extensive explorations have been made with 
such meager or confusing records that much of the value of the work has 
been lost. 


Preliminary Information 


15-3. Value. Preliminary information about the natural features of a 
site or geographical area may be useful in many ways. Advance informa- 
tion bearing on the suitability and value of a site for a proposed develop- 
ment is obviously desirable in negotiating for the property. For obtaining 
information prior to site acquisition, the most suitable methods are usually 
those which require no such revealing ground activity as surveying or 
boring. A preliminary examination is also useful in determining whether 
subsurface exploration is required at all and if so, the best type. When 
boring contracts are let without such preliminary study, unnecessary ex- 
pense is often incurred. If properly conducted, this examination will 
determine the accessibility of the site for various types of drilling equip- 
ment, the availability of water for various drilling operations, and the 
possible existence of underground utilities. Information on site conditions, 
whether obtained before or after a subsurface exploration, is also useful as a 
background for interpreting boring records and developing a foundation 
design. 


15-4. Geologic Analysis. A geologist or other trained specialist can often 
derive a great deal of information on soil and rock conditions simply by 
examining the topography and natural features of a site—outcrops, road 
and stream cuttings, and so on. Basically his method involves identifica- 
tion of distinctive land forms such as terraces, ancient shore lines, lake beds, 
glacial deposits, or weathered remnants of rock formations. Once the land 
form is clearly identified, the process by which it developed can usually be 
determined. Knowing the formation process and whether it involved in- 
place weathering or transportation, much can be said about the nature of 
the materials to be found in each distinctive section of the site. It is im- 
portant for the nonspecialist to be aware of the results which can be 
obtained in this way and to have a general understanding of the methods 
used, although he may never attempt an analysis of this kind himself. 
Geologic analysis has value on any project. However, it is usually im- 
practical to arrange for it on short notice or on projects involving small sites 
or relatively inexpensive developments. It can be used to advantage on 
larger work, such as investigations for earth dams and levees and especially 
on surveys for highways and airports, As previously noted, the develop- 
ment of techniques for utilizing air photos in identifying land forms and 
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making interpretations of soil and rock conditions for engineering purposes 
is an important advance in procedures for geologic analysis. 


15-5. Soil Maps. The architect or engineer in practice in an area where 
pedological soil maps are available is well advised to become familiar with 
these maps and if possible, to obtain copies for the counties in which he 
operates. Not only do they furnish advance information on a new site 
but they show the extent of areas of like conditions. Thus the map indi- 
cates when it is justifiable to assume that the experience gained on one job 
may be applied to another and when quite different conditions must be 
expected. Less and less subsurface exploration is required on successive 
jobs in the same soil type. 


15-6. Local Records. When time and circumstances permit, an exami-+ 
nation of old maps, photographs, and other records is advisable and ig 
frequently rewarding. Especially in a built-up area there is the possibility 
that there may have been some previous construction or filling on a particu- 
lar site. The author once discovered from old records that a canal for= 
merly had crossed a certain site and thus was able to plan an investigation 
of such a nature that a complete, long-forgotten lock chamber of hand-cut 
stone masonry was uncovered. Without such information borings might 
have been spotted in such a way that the buried stone work would not have 
been discovered. 

Information on the depth and functioning over the years of water wells 
is often of great value insofar as ground water conditions are concerned, 
So too are records or accounts of excavations of all types—trenches for 
utilities, substructures, and the like. 

Perhaps the most valuable records are logs of previous borings. Thes@ 
are sometimes available in the files of the city engineer or of some other 
municipal agent or in the office of local consulting engineers or architects. 


Subsurface Exploration Methods 


15-7. Purpose. While preliminary reports based on interpretation of the 
visible, surface features of a site are of great value in many ways, they have 
limitations in some applications. Such reports are inherently general or 
relative in nature. While it is possible, for example, to predict that clay 
will be found in a certain area, it is rarely possible from a geological report 
to determine the consistency or compressibility of clay on a quantitative 
basis. The position of the ground water table, for another example, can 
seldom be established with the necessary accuracy for foundation design, 
and the elevation of bedrock as given in these reports is often in doubt by 


many feet. Accurate information on such matters as these is normally re 


quired for structural foundation design, When a foundation investigation 
is planned, therefore, geologic reports must be supplemented by some form 
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of subsurface investigation. Some of the procedures used for this type of 
work are described below. There are many different methods, some quite 
simple and inexpensive, some quite elaborate. No one method is superior 
to all others in all applications. Each has some feature which makes its 
use preferable under certain conditions. 


15-8. Geophysical Methods. Geophysical methods are distinct from 
other types of exploration in that they can be used for the direct measure- 
ment of certain physical properties of soil and rock formations without 
borings other than the few which may be required for calibration and check- 
ing. There are two types of geophysical methods which have been found 
useful in the investigations made for soils engineering purposes, namely, 
electrical and seismic methods. 


Electrical 

Of the several electrical methods, the one in most common use in en- 
gineering is the so-called resistivity method. As the name implies, it 
operates on the principle of measuring the electrical resistivity of certain 
sections of the ground and relating resistance to significant soil characteris- 
tics. Resistance measurements are made by inserting two electrodes in the 
ground at a fixed spacing and creating an electrical field by connection to a 
source of direct current. By measuring this current and the potential drop 
between two intermediate electrodes, the apparent resistivity of the soil 
to a depth approximately equal to the spacing of the electrodes can be 
computed. Resistance measurements cannot be permanently correlated 
with specific soil types. Exploratory borings are required for this purpose 
at each site or at least in each geographical area. Resistivity is affected 
more by the water content and purity of the pore water than by the nature 
of the soil. However, a relatively large area can be mapped far more 
quickly and economically by a combination of resistivity measurements and 
a relatively small number of borings than with borings alone. The method 
is particularly useful for locating specific types of select materials. 


Seismic 

As in the case of electrical methods, there are several seismic methods. 
The one most commonly used in surveys for foundation problems is the 
shallow seismic refraction method. Seismic methods in general are based 
on the fact that the velocity of shock waves is a function of the density and 
other properties of the materials through which they travel. Shock waves 
may be created by setting off a small explosive charge. By determining the 
time between the explosion and the arrival of the shock wave at a number 
of “geophones,” or detectors, placed at intervals on the ground surface, 
velocity measurements are made, ‘The difference in significant propertios 
between soil and rock is usually so marked that the seiamie method is 
potentially best adapted to determining the depth of rock below the ground 
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surface. Measurements of this type, which are often very valuable in 
engineering, have been made under favorable conditions with an accuracy 
of plus or minus 1 or 2 ft. When rock is at a depth of roughly 100 ft., 
the seismic method is far quicker and more economical than borings for this 
type of survey. Use of the seismic method for establishing the horizons of 
soil strata of different types gives somewhat less conclusive results and re- 
quires more borings for calibrating purposes. Like electrical resistivity, 
seismic methods are more suitable for use on surveys of dam sites and fairly 
large areas than of building sites, where very detailed and accurate in- 
formation in a relatively small area is usually required. 


15-9. Probing and Jetting. There are many occasions when it is im- 
portant to determine by direct exploration whether or not bedrock will be 
found in an excavation of a certain depth. Prime examples of such exca- 
vations are trenches for utilities and basement excavations for structures. 
Often the exact nature of the overburden in these cases is of secondary 
importance.* The following simple methods of subsurface exploration are 
among those which are used under these conditions. 


Probing 

Probing} is conducted by pushing or driving a rod, pipe, or any other 
similar pointed object into the ground. The probe may be in one piece or 
in several jointed lengths. The operation is often conducted without an 
engine or mechanical equipment of any kind, the rods being driven usually 
with a sledge hammer. Thus the equipment required is highly portable 
and of such a nature that it can be assembled on short notice. 

Some indication of the nature of the overburden can be gained from the 
penetration resistance. Relatively elaborate probing equipment has, in 
fact, been developed to measure this resistance; rods equipped with 
various types of conical tips and with proving rings or other devices for 
measuring the force required to penetrate the ground are examples. These 
are known generally as cone penetrometers. One type of penetrometer is 
shown in Fig. 15-1. Probing equipment in general is not designed to bring 
up a sample of soil which can be used for textural classification. 

When a probe can be forced by ordinary means to a specified depth 
without encountering an obstacle (refusal), positive assurance is obtained 
that bedrock does not exist within this depth at the location of the probing, 
When refusal is encountered, however, the value of probing becomes ques= 
tionable, since it is impossible to tell whether the obstruction is bedrock, # 
detached section of bedrock (slide rock), a boulder or stone fragment, or & 
bed of gravel. Thus, probing represents a sort of gamble, the inherent 

* This is true, for example, in the cases when excavation is classified simply as common 
and rock, 


+ Probing is sometimes referred to as sounding, ulthough properly the term sounding 
is the designation for various methods of determining the depth of water, 
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Acker Drill Co., Inc. 
Fic. 15-1. Cone penetrometer. 


simplicity and economy of the method being weighed against the chance of 
obtaining inconclusive results. Obviously, the chances of success are best 
in soil which is relatively free of stones. The same statement applies with 
more or less force to any method of subsurface exploration. which does not 
provide for boring into and obtaining a solid core of rock when refusal is met. 

Jetting 

In jetting, pipes or hollow rods are used so that, as the name of the 
method implies, water can be forced downward to the point or chopping 
bit at the bottom to aid in penetrating the ground. While hand pumps 
are sometimes used, this operation usually requires a motor-driven pump. 
A tripod to provide a means of raising and lowering the jet pipe is also 
commonly used, thus adding to the amount of equipment required. A 
supply of water is also required, preferably continuous, although under some 
conditions, recirculation of wash water may be possible. 

Although as noted above, jetting is not quite as simple an operation as 
probing, it offers a means of penetrating hard or gravelly formations, where 
probing would be unsuccessful, It has one other relative advantage, namely 
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that changes in soil types are sometimes revealed by changes in the color 
of the wash water as it flows back up the outside of the jet pipe to the 
ground surface. A distinct change in color usually occurs, for example, in 
passing from a cohesionless soil into a clay. Except for these features, 
probing and jetting are much alike. 

15-10. Auger Boring 


Hand Avgers. Instead of driving a rod into the ground, augers of various 
types are frequently used for subsurface exploration. Manually operated 
augers of the types shown in Fig. 15-2 are widely used by soil surveyors 





(a) Ship auger. (b) Iwan auger. 
Acker Drill Co., Inc. 


Fic. 15-2. Hand augers. 


making investigations for agricultural soil maps or for highway or airfield 
reconnaissance. Augers can be used not only for penetrating the ground to 
moderate depths but also for bringing up material for examination and 
classification testing. In this they have a marked advantage over probing 
or jetting. Augers, which are intermittently withdrawn for cleaning, are 
limited, however, to use in soil which does not flow or cause the boring to 
fillin. Thus augers cannot be used in cohesionless soil below ground water 
or in very soft clay, where rods could be driven. 

Power Augers 

Power augers are also used. When power is available, a continuous 
flight auger, illustrated in Fig. 15-3, can be utilized in certain types of 
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work. These augers come in sections so that lengths can be added as the 
first section and bit penetrate farther and farther into the ground. The 
material loosened by the bit then feeds continuously upward to the ground 
surface and eliminates the necessity of pulling up the bit for cleaning. This 
is primarily of interest when the objective is maximum depth of penetration. s ee 
It is of rather doubtful value in classifying overburden, since it is difficult hee “ oe 
to establish the elevation from which material arriving at the surface = teehee hoe 
originated. 


Is now ready 


pling operation or: for 


“sam, 


* standing in 
9 


J casing * 


driving on added length of casing. 
(c) 


15-11. Wash Boring 

In Casing. Wash boring is one of a number of drilling processes which 
may be used when it is desired to form an open hole in the ground through 
which soil-sampling or rock-drilling operations may be conducted. The use 
of casing to keep the hole open in overburden is a common practice in wash 


End of Second Operation. Casing has 


been cleaned out. Borin 


for a'"dr. 










boring. Casing used for this purpose is driven into the ground one length at 8 
a time, by a drop-hammer operation, as in pile-driving. After each length ERE : 
has been driven, the casing is cleaned out by a chopping and washing process SA : 2 
similar to jetting. This is accomplished by forcing water under pressure moe : 3 
through rods or pipe which are operated inside the casing. A chisel-shaped SES 8 5 
chopping bit is attached to the end of the rods, and the whole string ‘S- 8s 2 : a 
alternately is raised and dropped so that the resultant chopping and jetting 4 228 % 3 
action loosens the soil. The return flow brings the cuttings to the surface. esse Le , as 8 gS Z 
This operation is illustrated in Fig. 15-4. At one time it was the practice (O08 2-8 Sose = 
to collect the wash water and suspended soil in jars to indicate the nature of 3. es ee i 
= * ~ ‘G-0 (Ds S S + 
the overburden. Known as wash sampling, this latter procedure has proved Ss ane was = 1 
to be so unsatisfactory that it is now generally prohibited. Wash boring, 718 5 $<2 g 
however, is an effective boring method which is still in approved usage. x : &S§ § 
With Drilling Mud & 
A method of keeping a boring open without casing is use of drilling mud, 
Drilling mud is a slurry of water and clay, the latter being either a local » D 
material or a processed, commercial product. The boring is made as de- s Te : =e 
scribed above except that use of casing is omitted except for a short length x SES 3 = 5 3 
at the top of the hole, and instead of water, drilling mud is used in the jet- S £8 ae ss o 
ting and chopping operation. During the boring operation, caving is s x 58 3 ‘ z es 
prevented by the presence of the heavy liquid in the bore hole. = NS oe & +2 
sth Pee fee S 
15-12. Rotary Drilling. Rotary drilling is also used to create an open SH 
boring through overburden. However, rather than utilizing a chopping & B83 
and jetting process to loosen the soil, rotary drilling, as the name implies, 8 og? 
is accomplished by rotation of a heavy string of rods while continuous 5 6 ae 
downward pressure is maintained through the rods on a bit at the bottom E08 




















. . . » 
of the hole. A number of different bits are used, most of which are capable S 
of reducing stone or the most compact soil formations to small chips or S 
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particles. Water* or drilling mud is forced down the rods to the bit, and 
the return flow brings the cuttings to the surface. 

To the nonspecialist, the difference between rotary drilling and wash 
boring may appear to be a technicality. It is worth knowing, however, 
that the chopping action used in wash boring requires relatively light equip- 
ment. Under favorable circumstances, in fact, it can be done by hand. 
In contrast, rotary drilling requires a fairly large, powerful machine. This is 
a factor in selecting equipment for use in rugged, inaccessible country, where 
light, skid-mounted wash boring rigs have an obvious advantage. A rotary 
drilling rig is illustrated in Fig. 15-5 in comparison with a wash boring rig. 
For deep drilling, the rotary method is often superior for penetrating over- 
burden, but for fairly shallow holes, wash boring is often more practical. 

15-13. Test Pits. Under certain conditions the excavation of a pit or 
trench is an alternate or preferable method to borings for exploration in 
overburden. To depths of about 15 ft., test pits can be excavated very 
rapidly and economically by backhoe. Bulldozers can be used to ad- 
vantage for pits or trenches 8 to 10 ft. in depth. Excavation of pits with 
manual labor is expensive but is required in such projects as investigation 
of existing foundations. 

Although there are often difficulties in excavating pits—occasional need 
for unwatering and sheeting, for example—this method of subsurface ex- 
ploration has certain unique features. It is about the only satisfactory 
means of obtaining reliable information on the stone content of a gravel 
formation or a skip-graded soil containing numerous rock fragments. It 
permits visual examination of undisturbed material in place. This latter 
feature is particularly useful when locating the original ground line beneath 
a fill is necessary. In addition it gives information as to difficulty of ex- 
cavation, an important point, for example, to a contractor bidding on an 
earthwork item. Furthermore, it makes possible manual sampling of soil, 
which if carefully done, usually involves a minimum of disturbance. 


15-14. Soil Sampling 

Dry Sampling. Most soil samples taken in borings today are termed 
dry samples to distinguish them from the washed samples referred to in the 
description of wash boring. The term dry sample is misleading in other 
respects, however, since such samples are frequently obtained below ground 
water in borings. 

There are as many or more different methods and types of equipment 
used in obtaining soil samples as there are for making borings, A detailed 
knowledge of the construction and functioning of sampling devices is not 
required by architects and engineers in general practice, The following 
basic information, however, is appropriate to this discussion, All references 
are to dry samples, 


* Tn oil field and in wome blast-hole drilling operations, comproaied alr te sometines 
used inatead of a liquid, 
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Sample Disturbance 

For engineering purposes there are two main classes of samples which are 
of interest. In some cases it is necessary only to obtain a sample which is 
relatively complete. The structural disturbance is unimportant. This is 
obviously the case when the samples are obtained for classification tests 
such as mechanical analysis and Atterberg limit determination, in prepara- 
tion for which the samples are completely disturbed anyhow. In other 
cases, sample disturbance must be reduced to an absolute minimum. This 
is a requirement in determining the in-place density of either granular or 
cohesive materials. It is also necessary when the compressibility or shear- 
ing strength of a natural formation is to be determined. 

The most common requirement is to have samples which are sufficiently 
complete for purposes of reliable classification. Most subsurface explora- 
tions are made accordingly. Exploration involving undisturbed sampling is 
somewhat less common, and it is almost always more costly. There are 
times, however, when undisturbed sampling is essential. At such times the 
apparent economy of obtaining disturbed samples is a false economy indeed. 
Sampling devices which are intended for use in borings are often called 
samplers or sample spoons and are of two types, distinguished mainly by 
ratio of wall thickness to diameter. 


Heavy-Wall Samplers 

The sample spoon commonly used for penetration resistance measure- 
ments as described in Chapter 10 has an outside diameter of 2 in. and a 
wall thickness of 14 in. In comparison with other sample spoons, described 
below, this would be considered as a heavy-walled spoon. An illustration of 
this spoon with its characteristic split-barrel construction is given in 
Fig. 15-6. An important feature in the construction of this and many 
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Fig. 15-6. Split-barrel sample spoon. 


other sample spoons is the ball check-valve in the head, which permits 
water to be forced up into the rods as the spoon is driven but provides a 
means of retaining the sample as the spoon is pulled. 

The sampling operation is conducted by attaching a sample spoon to the 
rods and lowering it to the bottom of a boring, It is then driven into the 
ground with a light drop hammer, as shown in Fig, 15-7, For standard 
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Fic. 15-7. Standard penetration resistance measurement. 


penetration resistance records, the hammer has a weight of 140 Ib. and is 
dropped 30 in. each blow. 

The relatively heavy wall thickness and bevel of the cutting shoe cause 
a certain amount of compression and disturbance of the soil ahead of the 
sampler as the sampler is driven into the ground, The compression due to 
this effect and to internal wall friction is clearly revealed in partially satu. 
rated soil by the difference between the length of the sample and the dis- 
tance the sample spoon is driven, This difference may be as much as 
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several inches per foot of drive. Less obvious is the distortion of plastic 
materials which can also occur. While the heavy-wall spoon has the above 
noted disadvantages, its heavy construction is a necessity for many types 
of operations. 


Thin-Wall Samplers 

The thin-wall sample spoon usually has a barrel made of tubing. The 
wall thickness of the tubing used in a 2-in.-diameter spoon of this type is 
yg in. Shelby tubing is commonly used in the construction of these spoons, 
and the samples obtained with such equipment are often called Shelby-tube 
samples. A common variation of this type of spoon is one equipped with a 
piston which closes the mouth of the spoon as it is lowered into sampling 
position but is then withdrawn as the spoon is pressed into the ground. 
The piston prevents entry of disturbed material and after the spoon is 
driven, assists in retaining the sample. It is, however, somewhat more 
elaborate in design and construction and more expensive to operate. An 
illustration of these two types of thin-walled spoons is given in Fig. 15-8. 

An incidental advantage of thin-walled spoons is that the tubing which 
forms the barrel can be removed from the head and used as a container for 
shipping the sample from the field to the office or laboratory. The ne- 
cessity for removing samples from sampling spoons in the field not only 
delays the boring operation, which may involve the time of several men and 
expensive equipment, but also is almost certain to damage the sample. 
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As noted above, the distinction between heavy- and thin-wall samplers 
is based on the ratio of wall thickness to diameter, not on wall thickness 
alone. Thus a 4- or 6-in. spoon with the same 14-in. wall thickness as the 
2-in. heavy-wall spoon might be classified as a thin-wall sampler. The 
434-in. Vicksburg spoon is in this category. 

When samples are used to indicate the in-place condition of natural soil 
formations, it is important not only to minimize their disturbance but also 
to preserve their natural moisture content as carefully as possible. This is 
done either by placing the sample in a glass jar with a waterproof screw top 
or by capping and sealing the ends of Shelby-tube samples with paraffin. 
It is also important, though sometimes rather difficult, to keep undisturbed 
samples from freezing. Complete and permanent labeling of samples for 
future identification is also an obvious requirement. 

15-15. Rock Drilling 

Need. Although it might appear that the concern of a soils engineer is 
primarily with the overburden, he is frequently charged with the responsi- 
bility of accurate determination of the elevation and very often the con- 
dition of bedrock. Since it is so easy to mistake boulders or gravel forma- 
tions for bedrock, about the only certain method of identifying rock is to 
core it. Thus a knowledge of rock core boring methods is a necessary part 
of the stock in trade of a soils engineer. 

To expand this point in somewhat more detail in order to emphasize 
its importance, it may be stated that it could be as unfortunate to find bed- 
rock at a lower elevation than anticipated as it is to encounter it unexpect- 
edly high in an excavation where costly removal by blasting is required. 
When rock is reported to be at a certain level, plans are sometimes made to 
extend footings or piers to rock, or in other cases, plans are made for driving 
piling to rock. In either case, if the report is in error, plans must frequently 
be revised. Such revisions are necessarily made at an unfortunate time, 
namely, when the construction contract has already been let and construc- 
tion is in progress. 

Core Boring 

Rock drilling can be accomplished in many ways. Among the most 
common are pneumatic-drilling methods used for blast holes and cable- 
tool or percussion drilling, which is used both for blast holes and for well- 
drilling. Neither method is satisfactory for engineering investigations, 
because both result merely in pulverizing the rock and removing it as dust 
or cuttings. For engineering purposes a solid and nearly continuous rock 
core must be obtained and brought to the surface for careful examination 
and study, The two methods used in engineering to the exclusion of nearly 
all others are shot drilling and diamond core drilling, These are alike in the 
respect that core is obtained by a rotary drilling process, The bit, which 
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has an annular shape, is attached to a core barrel somewhat resembling the 
barrel of a sample spoon. The difference between inside and outside diam- 
eters in a 2-in. core barrel is about 5% to 34 in. The kit and core barrel are 
attached to rods and rotated by the drill while a stealy stream of water is 
circulated through the rods and barrel to the bit. The water serves as a 
coolant, and the return water brings the cuttings to tae surface. The core 
feeds up into and is retained by the core barrel. At ‘ntervals the barrel is 
brought to the surface, and the core is removed. 

The bit used in diamond core drilling is set with commercial diamonds 
or bortz. In shot drilling, chilled steel shot or grit are fed through the rods 
to the bit, where they serve as a cutting agent. While this may also appear 
to be a technicality, it has its practical significance. Diamond drilling is 
generally regarded as superior to shot drilling in respect to quality and 
amount of core recovered. However, the cost of a diamond bit increases 
rapidly with the diameter. For this reason it is common to find diamond 
bits used in diameters up to about 3 in., but above that size shot drills are 
more common. Shot drilling with 24-in. diameter core barrels is not un- 
usual, and some work has been done with 36-in. barrels. Drilling holes of 
30- to 36-in. diameter is done partly to obtain core and partly to permit 
visual inspection of the natural formation. 

When rock core drilling is to be performed in the course of exploration 
with a wash boring rig, a drill head not used at all inthe wash boring pro- 
cess must be set up to rotate the rods. Fig. 15-9 indicates how the drill 
head is mounted. It can be driven by the same power unit used for the 
cathead or hoisting winch. A rotary drill rig can be used without modifi- 
cation for rock drilling. 

Besides the requirement for rotating the rods there must be some form 
of “feed” to produce a steady downward movement. There are three types: 
mechanical, hydraulic, and manual. The mechanical feed results in down- 
ward movement of the bit at a constant speed but at variable pressures. 
The hydraulic feed gives the reverse effect. The manual feed,* although 
more elementary in construction, permits the operater to feel the action of 
the bit and to maintain an optimum pressure. I also guarantees the 
operator’s personal and continuous attention to the drilling operation. 

When the primary purpose of the rock drilling is io distinguish beween 
boulder and bedrock, the drilling should be for a dissance of not less than 
5 ft. into rock. In many sections of the country a minimum of 10 ft. is 
fully justified. To be sure, boulders embedded in the overburden are often 
of different composition than the country rock, and even a 1-ft. core might 
reveal this difference to a geologist. On the majority of jobs, however, 
the distinction must be made by relatively untrained personnel. 


* The drill illustrated in Fig. 15-9 is equipped with manual feed, 
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If the rock proves to be a boulder, and the drill passes through it into 
soil beneath, the rock must be broken so that the casing can be advanced. 
This is done either by blasting or by use of special tools operating on the 
principle of the old wedge and feathers used in quarrying. 


15-16. Ground Water Observations. In explorations for structural 
foundations particularly, determining the level of the ground water table 
may be of equal or even greater importance than obtaining great accuracy 
in classifying the soil formations. Efforts are or should be made to locate 
ground water while the subsurface exploration is in progress. Because of a 
number of practical difficulties which are inherent in this class of work, the 
methods commonly used are often very unsatisfactory and may give mis- 
leading results. Thus close supervision of this phase of the exploration is 
essential. 

The standard procedure is simply to measure the depth from the ground 
surface to the water level in the boring after the hole is finished. Several 
factors combine to obscure the true ground water level under these con- 
ditions. Most borings which are made to depths of over 6 or 8 ft. are made 
by either wash boring or rotary drilling methods. Thus on completion, the 
hole is filled with water or drilling mud. The level of the fluid in the boring 
must come to equilibrium with the ground water before its elevation is 
indicative of ground water elevation. If the fluid level in the boring is 
either higher or lower than the ground water, hours or even days may be 
required to reach equilibrium in impervious soils. It can almost be taken 
for granted that the observations on ground water levels given on an ordi- 
nary boring log are to be accepted with reservations when the overburden 
is a clay. Such observations are far more reliable in pervious soils. 

As a minimum precaution it should be required that the inspector or 
boring contractor take water level readings periodically for at least 24 hr. 
after completion of one or more borings. The first reading should be 
taken as soon as possible after the last drilling operation, and others at 
increasing intervals. Readings should continue as long as there is any 
variation in water level. When the level becomes virtually constant, there 
is some assurance that it reflects the ground water level. This, however, 
even if true, is only the level of the ground water on the particular day 
and date of the reading. Ground water levels vary appreciably with the 
seasons. A variation of 5 to 10 ft., for example, is not uncommon. This 
can make a tremendous difference in the design and cost of a structural 
foundation. One method of obtaining information on ground water 
fluctuation is to make inquiries of informed individuals in the locality, 
Another is to set a permanent observation well during the course of the 
subsurface investigation and to make arrangements for weekly or monthly 
readings. This in itself is a compelling reason for making site investigations 
at the earliest possible date. ’ 
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15-17. Requirements. It is evident that a subsurface exploration is of 
little value unless a clear and reliable record of the findings is prepared and 
submitted to the individual who requires the information as a basis for 
design. The fact that such a statement is made in this text may be taken 
as evidence that satisfactory records are not always forthcoming. Records 
consist of written and graphic descriptions of the natural formations which 
were penetrated and samples of the soil and rock. The written descriptions 
submitted by the boring contractor are known as logs. In addition, geo- 
logic sections and profiles may be prepared to assist in visualizing sub- 
surface conditions. The soil and rock samples furnish a basis for inde- 
pendent classification of materials both by the engineer or architect and in 
many cases by the construction contractor who is interested in bidding on 
the work. 


15-18. Form and Content of Written Records 

Description of Equipment. Keeping in mind that it may be desired to 
refer to boring records months or even years after the exploration has been 
completed, the contractor should be required to preface his report with a 
brief description of the method and equipment used for the work. The 
dates between which the exploration was actually in progress should also 
be made a matter of record. 


Plan of Borings 

It is essential that the ‘“as-drilled” locations of all borings be clearly and 
accurately recorded. Holes should be individually numbered and their 
location established by distances to permanent objects. One of the first 
sheets in a set of boring logs should be a plan of borings similar to that 
shown in Fig. 15-10. 

Boring Logs 

A log of each boring should be prepared in a form which provides for 
reporting such information as that shown in Fig. 15-11. Comment on the 
various items is as follows: 

The ground elevation at each boring location should be reported. This 
is so that the soil and rock formations can be represented in true vertical 
relationship not only to each other but to the various floor and footing 
grades established by the architect. The depth of the various materials 
from the ground surface is not sufficient. An alternative and very effective 
form of report is a set of graphic logs, as shown in Fig, 15-12. 

Classification of all materials encountered in the boring must be given. 
Very often this classification is made by the driller in the field on the basis 
of visual inspection of the material as it is removed from the boring and the 
sample spoon, In connection with this, it is not unfair to say that many 
such Classifications are lacking in certain essentials, often through no fault 
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Fia. 15-10. Plan of borings. 


of the driller. An accurate description of particle size range and gradation, 
for example, can seldom be given on the basis of visual inspection alone. 
For this reason, typical samples are often sent to laboratories for classi- 
fication tests. When provisions are made for an independent classification 
of materials, the main responsibility of the driller is to record the depths at 
which changes occur in the natural formations. Except in continuous 
sampling, this cannot be determined after the fact. 

Records of driving resistance are usually considered essential. When 
casing is used, the number of blows per foot required for driving is often 
given in the form of a continuous record. While it is true that this record 
is affected by skin friction on the entire length of the casing, abrupt changes 
in the nature of the materials penetrated are usually reflected in sudden 
changes in the resistance to driving. This is particularly true when a hard 
material is found below a soft one. These data are very helpful in determin= 
ing depths at which changes in material occur, ‘The driving record should 
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BORING LOGS 
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always indicate the weight and fall of the drive hammer and the size of the 
casing. 

Of even greater significance is the record of penetration resistance of the 
sample spoon. This is unaffected by skin friction in the materials above 
the sample elevation. It is one of the most practical methods of determin- 
ing the density or consistency of the material in place. In short, this 
record is so important that if it has been specified as a part of the work, 
no boring should be accepted for payment unless this record is furnished 
in an acceptable form. The weight and fall of the hammer and the size and 
type of the spoon should also be reported for this operation. However, in 
view of the increasing use of records obtained with a 140-lb. hammer falling 
30 in., the use of other procedures is not desirable. 

The elevation and designating number of each sample should be shown 
on the log with the penetration resistance record. When samples of differ- 
ent types are obtained, such as split-spoon and also Shelby-tube samples, a 
means of distinguishing between the two should be provided. With 
Shelby-tube samples it is common to require a statement of the pressure 
used to press the tube. 

Records of ground water observations should be entered on the log as 
shown. In addition, there should be notations of any sudden change in 
level of the wash water during drilling. 

Percentage recovery of rock should be reported. Percentage recovery 
is simply the ratio of the length of core obtained to the distance drilled. 
Assuming a competent drilling operation, percentage recovery* may be 
taken as an index to the condition of the rock; the higher the recovery, the 
better the condition of the rock. 

If the boring contractor has been required to subject any samples to 
laboratory test, the test data should be reported on the log with a full 
explanation of all symbols used. In certain cases, mechanical analysis in 
particular, it may be desirable to supplement the numerical data with 
gradation curves or diagrams appended to the log. 

15-19. Samples and Rock Core. Like the boring records, the soil samples 
and rock cores may be examined long after the exploration is completed. 
Thus they should be submitted in such condition that storage for con- 
siderable periods will be feasible if desired. 

Samples from heavy-wall spoons are commonly placed in wide-mouth 
glass jars with watertight screw caps, as shown in Fig. 15-13. Each jar 
should bear a label, which preferably should be affixed in the office or 
laboratory rather than in the field. For field identification the cap can be 


"It is generally believed that recovery will be better with a large diameter bit than 
with a small one, The effect of diameter of bit can be completely offaet by the com- 
petence of the driller, however, Thus it is not a foregone conclusion that good recovery 
will be obtained with a large bit or that poor recovery with a amall diameter bit in 


necessarily an indication of badly weathered rook, 
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mpire Soils Investigations, Inc, 


Fig. 15-13. Sample jar. 





Empire Soils Investigations, Ing 


Fia. 15-14. Rock core. 


scratched to indicate hole and sample number. A printed label can then 
be filled out later, if possible, on a typewriter, and glued to the jar. The 
label should give job identification, hole number, sample number and depth, 
penetration resistance, and material classification. 

Glass jar samples should be carefully packed in containers to prevent 
breakage during shipment. In the wintertime it is often necessary to ship 
samples by an automobile or truck equipped with a heater to eliminate the 
chance of freezing. 

Rock core is almost invariably preserved and shipped in wooden boxes 
with wooden dividers, as shown in Fig. 15-14, The elevation at the begin« 
ning and end of each run should be indicated by tags, preferably of stamped 
metal, and the divisions between runs by wooden blocks. Thus by measur 
ing the actual distance between blocks and referring to the elevations on 
the tags, the percentage recovery may readily be verified, 
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Requirements for Typical Projects 


15-20. Structures. As explained in Chapter 10, many building codes 
specify that the average stress transmitted by structures to the substrata 
shall not exceed the safe bearing values of these materials at any level. In 
order to comply with this requirement, it is necessary to have information 
on soil formations to the depth at which the stress increments due to loading 
become less than the safe bearing value of any materials which might be 
encountered. In an area of residual soils the chances of encountering weak 
substrata may be remote, but elsewhere the possibility is such that in the 
absence of reliable evidence to the contrary, it is well to assume that weak 
substrata may exist. For such an estimate, it is necessary to have informa- 
tion on the locations of points of load concentration in plan and on the 
magnitude of the loads. If a structure is to be supported on spread footings, 
for example, and there is no overlap of stress between footings, the depth of 
significant stress will be a function of the depth of the bulb of pressure under 
an individual footing and will be independent of the size of the structure. 
In such a case the depth of borings required for a large structure would be 
substantially the same as for a small structure. 

Specific information on bay sizes and loading and other pertinent data 
are often lacking at the time an investigation is made. In such a case some 
estimate of the probable depth of the zone of significant stress can usually 
be made without reference to the location of points of load concentration 
if the approximate gross loading intensity over the entire building area can 
be established. Often this amounts to little more than the floor loading 
times the proposed number of floors. 

Besides obtaining information on loading, it is necessary to establish the 
intensity of the incremental stress in relation to the bearing value of any 
formations likely to be encountered. As a preliminary, it will be assumed 
that the weakest materials likely to be encountered under ordinary cireum- 
stances will have a bearing value when confined and undisturbed of at least 
500 Ib. per sq. ft. On this basis a tabulation has been prepared, as shown 
in Fig. 15-15, to indicate the depth and number of borings ordinarily re- 
quired for structures. However, the tabulation contains provisions for 
suitable action if exceptionally weak materials are encountered. 

lor each structure, at least one boring meeting the maximum tabulated 
depth requirement is recommended. An appropriate number of ad- 
ditional borings of lesser depths are also listed, and the total footage for 
the group of borings is given to provide a basis for a preliminary estimate 
of cost of the exploration. While the length and number of individual 
borings may have to be adjusted to conform to special job conditions, the 
total footage figure will probably not be greatly affected, 

The principal occasion for extending borings beyond the depth given in 
the table is when unusually weak materials are encountered within the 
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Size of Number, Depth, and Total Footage 
Structure of Borings Required for Routine Investigation 
Breadth | Approximate Average Area Loading 
B 
(ft.) s Ets 


(Ib./sq. ft.) 





Nore 1: j The maximum tabulated depth should be increased if it is less than the depth 
(1) of the significant stress for any individual column, or (2) of the required excavation, 
Nore 2: If rock is encountered within the specified depth, core boring to a distance of 
5 to 10 ft. into the rock (or more if necessary to reach the maximum depth of the required 
excavation) should be conducted in several holes. 
Nore 3: If any interval of material within the depth of significant stress (figures I 
circles) has a penetration resistance less than 10, continue boring until 15 consecutive 
feet of 15-blow material has been drilled beneath the weak stratum. 


Fic. 15-15. Estimates of borings required for structures. 


specified depth. If this occurs it is usually necessary to determine the 
total thickness of the weak material. This will be required if a settlement 
estimate is to be made, and it will also be required if it is desired to consider 
the use of piling. In the latter case it is usually important to establish 
the thickness of the weak material existing above a layer of soil which can 
furnish some measure of support or end bearing. Borings which are stopped 
before this information is obtained are of little value. Eventually addle 
tional borings must be made at the same locations. Note 3 of the table in 
Fig. 15-15 embodies a practical rule for determining depth of borings und 
these conditions. 

For example, let it be assumed that borings are being made for a struetu 
30,000 sq. ft. in area and having an average area loading of 1000 Ib, 
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sq. ft. The table indicates that the maximum required depth for any 
boring is 50 ft. However, at a depth of 15 ft. in the first boring, a soft, 
organic clay with a penetration resistance of 5 blows per ft. is encountered. 
Boring in this material continues to the prescribed maximum of 50 ft. 
Instead of stopping at this depth, the driller, following Note 3, continues 
drilling until at 85 ft. a layer of compact sand and gravel is reached. This 
material proves to be continuous for 15 ft.; hence the final depth of the 
boring is 100 ft. 

When the materials in the first 25- to 50-ft. depth have high bearing 
values, the need for extending borings for any structure to a depth of 100 
ft. or more may well be questioned. There is reason to believe that a 
surface layer of strong material acts like a mat or raft and minimizes the 
effect of weaker materials below. There are undoubtedly occasions when, 
with such conditions, the depth or number of borings could be reduced. 

The number of borings given in Fig. 15-15 should be increased if there is 
any reason to believe that there has been previous construction or filling 
on the site. An increase is also advisable when differential settlement or 
tipping of a structure must be prevented or held within unusually close 
limits. Somewhat more than the usual number of borings may also be 
required when soil conditions prove to be nonuniform. However, a limit 
should be placed on the number of additional borings made under these 
conditions. At a certain point it is better judgment to design for the 
worst conditions than it is to continue putting down borings indefinitely 
simply because each boring is somewhat different from the preceding one. 

For most structures it is usually proper to assume that the borings 
provided for in Fig. 15-15 will constitute a preliminary program of ex- 
ploration. It is therefore justifiable to use an inexpensive method, such as 
wash boring in 214-in. casing. This will provide penetration resistance 
records, split-spoon and 2-in. Shelby-tube samples for unconfined com- 
pression tests. If compressibility tests become necessary, boring in a 
limited number of holes with 31% or 4-in. casing to obtain 3-in. Shelby- 
tube samples should be made later. When it is possible to maintain close 
contact with the drillers, the 4-in. borings can be authorized while the drill 
rig or rigs are still at the site. This leads to a saving in the on-and-off 
charge. 

15-21. Earth- or Rock-Fill Dams. Borings for earth- or rock-fill dams are 
made in several different areas of the site. One of the first requirements in 
exploring a site for a dam is to determine whether a suitable foundation is 
available for the spillway and outlet structures. The next requirement is 
to explore the area of the embankment foundation so that the information 
needed to determine side slopes and hence total embankment yardage can 
be obtained, When the size of the embankment is known and the amount 
and nature of materials from required excavations established, the requires 
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ments for borrow areas can be fixed, and suitable exploration for borrow 
material can be planned. 

The above described explorations cover considerably more area as a 
rule than those for an ordinary structure. Borings and test pits are some- 
what farther apart as a result, and for this and other reasons the value of 
a geologic analysis of the area is greater. Geologic analysis serves at 
least two purposes: it helps to locate areas in which borings or other sub- 
surface investigation should be concentrated, and subsequently it helps in 
correlating and interpreting investigation records. Assuming that some 
form of geologic analysis will be made in the course of initial planning, the 
following recommendations are given for subsurface exploration at a site 
for a dam. 


Core Boring in Rock 

The spillway and outlet are almost always masonry structures in water- 
sheds of any size and are built on rock whenever possible. When rock is 
used as a foundation, it must sometimes be examined in even greater detail 
than is necessary in a soil formation. Features which require investigation 
include depth of weathering, location of fault zones if any, extent of jointing 
or of bedding planes, existence of solution cavities large or small, and the 
presence of intervals of soluble material which may produce future cavities, 
It is also important to know whether the rock will disintegrate upon ex- 
posure to the air as do certain shales. This has bearing on the require- 
ments for paving in rock cuts and on the use of excavated rock in the fill 
or as riprap or ballast. In jointed or fractured zones the presence and na» 
ture of material such as clay in the seams may be important, especially at the 
time of reservoir filling, when hydrostatic pressures may develop to & 
significant extent. When tunneling for an outlet structure, penstock or 
draft tube is required, and the condition of the rock along the entire line of 
the tunneling operation must be determined in order to estimate overbreak, 
requirements for lining, need for pressure grouting, and so forth. 

To obtain the above described information, core boring in rock is ré« 
quired. In addition a certain amount of hydrostatic pressure testing may 
be specified. This is accomplished by plugging off sections of the drill hola 
in rock and building up water pressure in each section either to determing 
how rapidly the pressure decreases when the water supply is cut off or to 
measure the flow which occurs at a given pressure. The measurement 
which are made in either case are indicative of the condition of the rock and 
the need for grouting. 


Required Excavations 
There is a second consideration in connection with investigations for 
the spillway and outlet structures. ‘This is that a certain amount of excavae 
tion will normally be required for their construction, and it is vital at 








SITE INVESTIGATION 447 


early stage during the design period to determine with considerable ac- 
curacy the characteristics of both the soil and rock to be excavated. The 
character and quantity of the material from the required excavation is a 
factor in establishing the size and even the location of borrow areas. The 
difference between the total embankment quantity and the quantity of 
usable material from required excavation obviously determines the quan- 
tity of borrow material which is required. However, if most of the material 
from the excavation is pervious, the material from the borrow pits must be 
largely impervious, and vice versa. It is therefore inefficient to begin a 
survey for borrow material until the character of the required excavation is 
known. For exploration in areas of required excavation the procedures 
used in borrow areas are followed. 


Embankment Foundation 

The stability of an embankment foundation under the loading created by 
the fill depends primarily on shearing strength. Settlement due to com- 
pression of soil formations beneath the fill is usually secondary in im- 
portance unless some exceptionally weak material, such as peat, is found. 
However, sufficient information on compressibility and rate of consolidation 
is needed to make a settlement estimate and also in some cases to determine 
the rate of increase in shearing strength which occurs through consolidation. 
Finally, with an embankment foundation there is the problem of the rate 
of seepage and its possible effect on embankment stability. 

For determination of shearing strength, compressibility, and perme- 
ability, soil samples usually must be undisturbed and of somewhat larger 
size than those required merely for classification. As a result, if such 
samples are to be taken from borings, the borings must be of larger diameter 
than those used for routine investigation of an ordinary building site. 
However, for an embankment foundation a preliminary program of ex- 
ploration in small diameter (214-in.) borings is usually advisable for at 
least two reasons. One is that such an exploration may be sufficient to 
indicate the desirability of making a significant change in the location or 
alignment of the embankment. Also, at the location finally adopted, a 
pilot program generally outlines the areas where the larger and more costly 
borings are most needed. 

The use of test pits as well as borings for investigation of embankment 
foundations is a fairly common practice, especially for investigation of 
cohesionless soil formations. Cohesionless material being inherently 
pervious must be explored more extensively at the site of a dam than else- 
where. Not only must the thickness and lateral extent of each pervious 
stratum be determined with reasonable accuracy, but it is often considered 
desirable to evaluate the relative magnitude of the permeability coefficients 
in vertical and horizontal directions. In the alluvial deposits which form 
the valley floor at most dam sites, a significant difference in vertical and 
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horizontal permeability often exists. As a rule this can be measured only 
by tests on undisturbed samples. If the pervious stratum contains gravel 
or rock fragments of any size, suitable samples cannot be obtained from 
borings, and pits become a virtual necessity. 

Cohesionless material in the embankment foundation must also be in- 
vestigated to determine its relative density. Beneath the toes of an em- 
bankment significant shearing stresses are usually developed. If the soil in 
these zones is a loose, cohesionless material—fine-to-medium uniform sand, 
in particular—it is subject to loss of shearing strength as a result of shock 
or vibration when it is fully saturated. It must usually be assumed that the 
foundation for an earth dam will be saturated either permanently or at 
least for appreciable periods of time—hence the importance of this type 
of investigation. 

To determine the density of the material an undisturbed sample is 
required, or else an in-place density measurement by a method such as the 
sand-volume method must be taken. Undisturbed samples of cohesionless 
soil can be obtained from borings with specially developed equipment and 
techniques. However, this is probably the most difficult of all forms of 
sampling. Relatively, a sampling or measurement operation in a pit is 
easier and more reliable. 

When investigation of pervious foundation materials is to be under- 
taken by test pit, unwatering will often be necessary. If the pit is dug to 
obtain density samples, the ground water must be kept below the bottom 
of the test pit at all times during the operation. This usually means 
that pumping from well points or from an exterior sump must be conducted 
and that the pumping must continue for the entire period of the operation, 
If pumping is interrupted, and water is allowed to flow upward through the 
floor of the pit, it must be assumed that the natural density of the sand 
will be affected unless the material is already extremely loose. 


Borrow Areas 

Whenever possible, borrow material should be obtained from the nearest 
or most accessible source, and the purpose of the exploration should be to 
determine the nature of the materials which are available from such a soured, 
Usually, the embankment can then be designed and the specifications write 
ten so that the available materials can be utilized. This is in contrast to 
adopting a more or less standard design which has no relation to the nature 
of locally available materials and then extending explorations until the 
requisite quantities of the specified materials are found. 

Investigation in a borrow area should be conducted to obtain information 
on the following matters. Difficulty of excavation is important, as it will 
affect the cost of the operation. The in-place density of the material m 
be determined in order to calculate shrinkage or swell from borrow pit 
embankment. Numerous samples large enough for classification and ¢ 
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paction tests must be obtained in addition to samples for remolded shear 
and permeability tests. The samples for these tests need not be undis- 
turbed, as was required for the foundation investigation, but they should be 
complete and representative. Determination of stone content is important 
in borrow areas. It is common, for example, to require that all stones 
over 6 in. in size be broken or removed from compacted fill areas; hence a 
high stone content in the borrow area is significant in this respect. The 
effect of stone content on compaction may also be very important. 

The above information can best be obtained from an exploration made by 
test pits. Following a pilot program with borings to establish the general 
characteristics of the area, a fair number of pits should be dug. Use of a 
backhoe or a bulldozer will expedite this work and at the same time provide 
information on excavation problems. Sampling and in-place density meas- 
urements can be made in the sides of these pits. For a reliable estimate of 
stone content it may be necessary to analyze a sample weighing as much as 
several tons. A preliminary weighing and quartering operation can often 
be performed in the field. This will usually reduce to a few hundred pounds 
at most the fraction of the sample which must be transported to the 
laboratory. 


15-22. Roads and Airfields. Exploration for roads and airfields is under- 
taken to provide information on which to base plans for grading and design 
of pavements and structures. One of the chief concerns in grading is 
whether or not rock will be encountered in the cut sections. Another is 
suitability of excavated materials for use as fill. To some extent these 
resemble problems involved in earth-dam construction. However, except 
in rugged country, the depth of cuts and fills for road and airfield con- 
struction is relatively minor. This fact, together with the great distances 
involved, often makes it possible to utilize pedologic information some- 
what more and intensive exploration programs somewhat less than in an 
investigation of a site for a dam. 

A desirable preliminary in an investigation for a road or airfield project 
is preparation of a soil map for the area. Often better than borings, a 
complete and accurate soil map gives information not only on soil texture 
but also on drainage and provides a basis for planning exploration. In 
some cases maps already exist and need only to be verified or strengthened 
in detail. When this is not the case the preparation of maps by air-photo 
interpretation will usually result in a saving in time and expense if the area 
has already been photographed. A standard feature in any soil-mapping 
program is a certain amount of field work, including exploration to limited 
depths by hand auger as well as careful inspection of outerops, erosion 
scars, and cuttings. 

In addition to the information given by soil maps, exploration by borings 
or test pits in cut and fill sections is required, Tn cut sections the borings 
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should descend to a depth of several feet below the subgrade elevation 
to give information on soil characteristics which relate to subgrade drain- 
age, compaction, and bearing capacity. However, the exploration in a 
cut should also yield information on the characteristics of the material 
above the grade line. The requirements in this connection are almost 
identical with those for exploration in a borrow pit or in an area of required 
excavation at the site fora dam. In-place density and compaction charac- 
teristics must be determined, as well as the suitability of the material for 
such special purposes as use in select subbase or base courses. For a cut 
section for a highway or railroad there is also need for obtaining information 
which will indicate the stability of the unretained slope which is to be 
created. Thus location of normal ground water level and undisturbed 
samples for shear testing will be required. 

When bedrock is encountered in a cut section above the grade line, its 
nature and condition must be established in sufficient detail to enable a 
prospective bidder to make a reliable estimate of cost of excavation. It is 
generally accepted that the cost involved in accurately locating bedrock 
under these conditions and determining its condition will be offset by the 
reduction which may be expected in the proposals submitted by the 
bidders. 

In fill sections in areas where weak substrata may exist, borings should 
be made to a depth approximately equal to the height of the fill. These 
borings are necessary to obtain undisturbed samples for shear and com« 
pression testing. Side slopes of highway and railroad embankments are 
normally steeper than those of earth dams, and foundation stability probe 
lems may be correspondingly greater. 

Exploration for road and airfield projects must often be extended to 
locate required quantities of the materials needed for subbase construction, 
Whereas crushed stone is usually specified for the upper section of the 
base, stream or bank-run gravel can be used in lower sections, and a natural, 
well-graded sand may be required as a cushion. Natural sand and gravel 
may also be required in construction of drains. The location of areas likely 
to contain such materials is usually facilitated by reference to soil maps and 
air photos. 


Cost and Progress Rates 


15-23. Borings. Wash boring and rotary drilling, the two principal 
methods of making borings for site investigations, are usually done by 
boring contractors on the basis of an on-and-off charge for the equipmel 
plus a unit price for drilling in overburden and in rock. Since the footage 
to be drilled in each material is seldom known, it is often impossible, @ 
with a firm quotation as to unit prices, to establish the total cost of a bo 
contract in advance. Competitive bidding is based on assumed quanth 
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with the understanding that final payment will be made for quantities 
actually completed. 

On-and-off charges must cover the cost of moving the rig, the rods, 
casing, and other equipment to and from the site and paying the salary 
and expenses of the crew en route. This cost will run from a minimum of 
$50.00 to several hundred dollars per rig, depending on the distance to be 
covered and the accessibility of the site. In addition to this charge there 
is sometimes a charge for moving from hole to hole after reaching the site, 
especially if the moves are difficult and the borings are not very deep. 
Under the latter conditions as much or more time may be spent in moving 
as in drilling. 

It is possible to include moving costs in the footage prices, and this is 
sometimes done. However, when there is a prospect that the estimated 
quantities of work will be significantly increased or decreased, this is usually 
unwise and often results in needlessly increasing the total cost of the work. 

Footage prices vary in part with the anticipated difficulty of the work 
and partly with the requirements of the specifications. Negotiations for 
borings are often made either without any reference to specifications or with 
relatively inadequate specifications. Under these conditions the various 
proposals which may be received are not comparable, and a low quotation 
may simply indicate a cheaper type of operation than that of another 
bidder. To provide a means of obtaining comparable proposals a brief set 
of specifications covering the type of exploration required for ordinary 
work has been included in Appendix VII. 

For making borings of the type referred to in the above mentioned 
specifications, unit prices for drilling and sampling in overburden in 214-in. 
casing will range from a minimum of about $2.50 to as much as $9.00 per 
ft. The average price is probably between $4.00 and $5.00. The cost of 
obtaining penetration resistance records and soil samples at 5-ft. intervals 
with a 2-in. OD split-barrel spoon would be included in these figures. An 
additional charge is often made for each sample of some other type, espe- 
cially samples obtained by a piston-type sample spoon. Cost for such 
samples may be as much as $25.00 each, and sometimes more, depending on 
prevailing costs in the locality. 

When the boring is cased the footage price increases materially with the 
diameter of the casing. This reflects the need for greater power to drive 
and pull the larger casing, the time for cleaning out, and the investment 
in the casing itself. This may make it advisable to consider using drilling 
mud instead of casing when larger diameter borings are required. Where 
boring in 2)%-in. casing costs about $4,00 per ft,, boring in dein, casing 
will cost about $6.00, 

Diamond core boring prices vary with the sige of the bit and the antici- 
pated difficulty of the drilling, The range is approximately $4,00 to $12,00 




















452 BASIC SOILS ENGINEERING 


for rock core approximately 13% in. in diameter, and the average price is 
about $7.00 per ft. 

For planning purposes, especially in deciding on the number of rigs which 
will be required to complete a given amount of work in an allotted time, it 
is necessary to have information on normal rates of progress. A wash 
boring rig will average between 25 and 50 ft. per 8-hr. day when drilling 
and sampling in overburden in 214-in. casing. More footage can be drilled 
in a day with a rotary drill rig once it is set up and in operation. In uncased 
holes it is possible to average as much as 100 ft. per day with rotary drilling. 
However, this advantage may be lost when the specified depth of the 
borings is only 30 to 50 ft., because of the time required at each hole in 
preparing for a rotary drilling operation. 

The rate of progresss in diamond core drilling in rock for cores of ordinary 
size ranges from about 10 to 50 ft. per day per rig. The lower figure would 
apply to drilling in traprock or in other hard, igneous formations. The 
higher rate is possible in sedimentary formations such as sandstone and 
shale. The rate of progress depends not only on the hardness of the rock 
but also its soundness. Drilling in badly fractured rock can be very slow 
even if the rock is soft. 

The cost of manual auger boring operations can be very misleading, 
Because no power equipment is used, and there is no on-and-off charge, it is 
natural to assume that this work will be very inexpensive. This is likely 
to be true only when the required depth of exploration is no more than 4 or 
5 ft. Under these conditions the cost per foot may be less than a dollar, 
However, when the depth is greater, or any difficulty is encountered, the 
rate of progress with hand augers may become so slow that there is no 
saving over wash boring. 

15-24. Test Pits. When a test pit can be dug by a machine such as & 
backhoe, and there is no need for sheeting or pumping, the work can be 
done to depths of about 15 ft. quite rapidly and economically. Under these 
conditions several 15-ft. pits can be dug and backfilled in a day, and the cost 
may be no more than $2.00 per ft. Once the required depth exceeds thé 
capacity of ordinary equipment, however, or sheeting or pumping is r« 
quired, the cost increases rapidly. Under difficult conditions the cost muy 
be as much as $20.00 per ft. or more in pits which are deeper than 15 ft, 
When excavation is done by hand in pits approximately 5 x 5 ft. in sia, 
the rate of progress will sometimes be no more than 5 or 6 ft. per day 
after a depth of 10 or 15 ft. has been reached. ‘Thus while such pits are 
often necessary, especially on large projects, their cost can be considerable, 


PROBLEMS 


16-1, Estimate the number and depth of borings required for site investigations 
for the following structures: (a) a gasoline storage tank 100 ft, in diameter and 40 
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ft. in height with tank bottom placed directly on the ground, (b) a one-story building 
for light manufacturing. The building is 200 X 300 ft. in plan. The floor slab is 
on grade. Interior columns are on 20-ft. centers and carry only roof loading. The 
exterior wall is of 12-in. cinder block construction and is supported on a continuous 
footing at a depth 4 ft. below the floor slab. The clear height from floor to roof 
trusses is 12 ft. There is no basement excavation. 


15-2. Using the following unit prices make a budget estimate for the cost of the 
borings required in Problems 15-1(a) and (6). 


On-and-off charge, lump SUM............ sees eee eee e eee enee $150.00 
Boring and sampling in overburden.............eeeeee eee 4.50 per ft. 
Core: boring: in POCK 4d cac navogadocdas die Soc8b4wcles oes etna’ 7.50 per ft. 


15-3. A site investigation requiring subsurface information to a depth of 15 ft. at 
two points 100 ft. apart is to be made. Assuming that cost is the only consideration, 
should this investigation be made by borings or by machine-excavated test pits? 
Use data from Problem 15-2 for boring costs, and obtain data locally on cost for 
backhoe rental. Assume the backhoe can easily excavate and backfill both pits in 
one day. 

15-4. (a) An exploration at a proposed building site reveals the existence of a 
formation of medium clay within the depth of significant stress. It is desired to 
hold foundation investigation costs to an absolute minimum ; yet it is accepted that 
essential requirements must be met. Under these conditions describe the type of 
samples which should be obtained from the clay, the type of sample spoon which 
should be used, and the type of soil testing which should be conducted. (b) What 
changes in the sampling and testing program would be advisable if the proposed 
structure were an earth dam instead of a building? 


15-5. An investigation is to be made near a dam site in an area which is to be 
utilized as a borrow pit for select impervious material to be placed in the core 
section of the embankment. Assuming that excavation in this area will be limited 
to a depth of 15 ft. and that ground water is at considerably greater depth, describe 
the type of investigation which should be made, the size and types of samples which 
should be obtained, and the tests which should be conducted. 






































CHAPTER 16 


SOIL TESTING 























The Administrative Problem 


Throughout the preceding chapters the need for a certain amount of 
soil testing in connection with soils engineering studies has been indicated. 
Since soil is so much more variable than other materials, it could in fact 
be held that there is greater need for soil testing than for the more common 
and well-established forms of materials testing. Engineers and architects 
generally are becoming aware of this situation either through their own 
appreciation of the need or because, to an increasing degree, state and 
federal specifications require that certain soil tests be performed. In conse= 
quence, even practicing engineers and architects who have had little if any 
special training in soils engineering must from time to time assume re= 
sponsibility for the conduct of more or less extensive programs of soil 
testing. The following discussion, therefore, relates more to administrative 
aspects of testing than to the technical matters, which are the concern of 
the specialist. 

One of the prerequisites for making suitable arrangements for soil testing 
is an understanding of the distinctive features of this type of work. There 
is nothing so difficult or mysterious about soil testing that at least its general 
nature cannot be understood by the nonspecialist. On the other hand, it is 
a mistake to think that it is or should be just like any other form of testing, 


Distinctive Features of Soil Testing 


16-1. Materials Testing as Basis for Comparison. Engineers, architects, 
contractors, equipment manufacturers, suppliers, and even many laymen 
are quite familiar with the general aspects of materials testing. This 
familiarity in fact is usually the basis for the feeling that soil testing is oF 
should be just another form of commercial testing. In order to show the 
contrast which actually exists, some of the chief features of materials testing 
will be described for reference in the following discussion. 

Most tests performed by commercial laboratories are conducted to 
determine whether or not the workmanship or the material or equipment 
to be purchased or incorporated in the work meets the requirements 
some specification, In short, they are what may be termed aceepta 
tests, The results of such tests are conclusive in nature, They indicate 
once whether or not the test specimen has specified characterisation, 
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perhaps the majority of cases there is no need for interpretation to make 
clear the meaning of the results. Thus there is a general belief that a 
“test” (of almost any kind) produces immediately usable and obviously 
significant results. 

For the usual acceptance test there is a standard specification both for 
the material being tested and for the test procedure. Thus for identical 
specimens it is to be expected that the same results would be obtained by 
any two qualified testing laboratories. 

Another aspect of the ‘standardization which exists generally in the 
materials testing field is that little if any exercise of judgment or analysis 
is involved in preparing the test report. The technician performs certain 
specified operations and sets down his observations. Comparison of test 
values with the provisions of a standard materials specification is usually 
sufficient to determine acceptability. 

Testing which can be standardized is generally performed by technicians 
rather than by men of higher professional caliber. This is desirable as a 
means of reducing testing costs and is in fact one of the objectives of 
standardization. 


16-2. Soil Testing 

Purpose. Soil testing differs significantly from materials testing in that 
it is basically a means to an end rather than being an end in itself. Per- 
haps the majority of soil tests are undertaken to establish certain charac- 
teristics of soil—that is, not to determine acceptability but to furnish 
data which will be used in some form of design analysis. It is not cus- 
tomary, for example, to specify that the soil in the natural formations at a 
certain site must meet certain specifications. Rather, the soil is investi- 
gated to determine its characteristics so that the design of a proposed 
structure can then be adapted to the existing conditions. 

An apparent exception to the above are tests for the quality and com- 
paction of fill material. Since fill is a material to be furnished and in- 
corporated in the work, its characteristics and the extent to which it must 
be compacted may be specified. Here the acceptability of both the ma- 
terial and the workmanship may be judged by tests. However, the material 
specifications and the nature of the acceptance tests may vary considerably 
from one job to another. There is no standard specification for fill material. 


Extent of Standardization 

In comparison with the degree of standardization which has been reached 
in other fields, soil testing is not yet well standardized, Standard testing 
procedures have been adopted for a number of classification tests, but tests 
for permeability, compressibility, and shearing strength remain largely 
unstandardized at the present time, This situation exists probably because 
for classification tests, the specimens need not be undisturbed, nor is the 
test affected by the nature of the proposed construction, Teste of the latter 























456 BASIC SOILS ENGINEERING 


type, however, often require undisturbed specimens and often must be 
so conducted as to simulate some anticipated condition in the field. It is 
relatively easy to standardize tests of the first mentioned type, but it may 
be some time before other soil tests will be standardized. 

The comments given above apply mainly to laboratory tests. Many of 
the current field tests have been standardized. This would include in-place 
density determination, field CBR, and plate bearing test for subgrade 
evaluation. 

Standardization of soil testing procedures has been influenced by the 
availability of testing equipment. Prior to World War II many laboratories 
constructed equipment of their own design. It is obviously difficult to 
standardize procedures for laboratories using different types of equipment. 
Soil testing equipment of all types is now commercially available, however, 
and testing laboratories are beginning to assume a more uniform appear- 
ance. 


Nature of Test Results 

Due to the fact that the purpose of soil testing is usually very different 
from that of other forms of testing, the test results may have quite a differ- 
ent significance. Often it is not intended that the test results be compared 
with some standard materials specification to determine acceptability. 
One of the distinctive features of soils engineering is the fact that, except 
perhaps for fill material, there are relatively few material specifications. 
However, recognizing that, as previously stated, the purpose of the test 
is to establish soil characteristics, the test results still have certain limi- 
tations. Testing which is conducted to determine soil bearing value, for 
example, may produce information on soil compressibility and shearing 
strength which is meaningless to the nonspecialist. It must be introduced 
in proper manner in an analysis before the full objective of the testing 
program is accomplished. Thus there is a limitation on the extent to 
which the work can be handled by the technician. 


Preparation of Testing Program 


16-3. Required Tests. The nature of soil testing, as explained above, is 
such that there may be a considerable question as to the number and type 
of tests required for a given job. Basically this is because design procedures 
in soils engineering are materially affected by soil conditions and the size 
and nature of the proposed construction. Types of investigation or analysis 
which may be very important on one job may not require attention on 
another even when the construction is the same in both cases. 

The supervising engineer or architect is usually expected to determine 
the scope of the testing program for a given job in terms of the total cost 
which is appropriate, but the selection of the type of tests required must 
usually depend on the judgment of the individual.who is to be held re« 
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sponsible for utilizing the results. For this reason, no listing is given of 
tests which are considered necessary for different types of work. 


16-4. Scope of Program. Measured in terms of cost, the amount of 
testing to be undertaken should evidently have a relation to the total 
cost of the project and to the potential benefits to be derived from the 
testing program. Assuming, as an irreducible minimum, that a reasonably 
good site investigation is made, it is possible to select approximate values 
for many soil constants by reference to such tabulations as those given in 
this text. Thus the advantage of a soil test is either to increase the ac- 
curacy of an analysis or to obtain information which cannot be approxi- 
mated by examination of boring records. Even on a relatively small job, 
however, there may be conditions which make testing essential. 

The need for testing depends to some extent on the nature of the soil. 
As a rather sweeping generality, it may be said that the need for testing 
fine-grained soils is greater than for coarse-grained soils. Most of the char- 
acteristics of the latter can be established by estimate after visual inspection 
or examination of boring records. For example, for a coarse-grained soil, 
particle size range and gradation, in-place density, moisture-density re- 
lations under compaction, compressibility, shearing strength, and even 
permeability may all be approximated with accuracy which is sufficient 
for many purposes. 

When a coarse-grained soil is well graded, there are few if any circum- 
stances in which the use of values established by an experienced soils en- 
gineer without resort to testing can be seriously misleading. Very uniform 
materials, especially when in the fine-sand and the silt range, usually re- 
quire either some form of investigation or the adoption of ultra-conservative 
design values. 

The need for tests on clays depends on the familiarity of the analyst with 
the clay formations in a given area and on the extent of the known vari- 
ations in their characteristics. Without extensive local knowledge and 
without tests, it would normally be impossible even for an expert to judge 
whether a clay is normally loaded or precompressed or to estimate its 
sensitivity. It is also very difficult to determine by inspection the size of 
the colloidal fraction in a clay or its shrinkage and swelling tendencies. 

The administrative engineer can judge to some extent from such con- 
siderations as these whether to provide for a normal or a more or less than 
normal amount of testing. 


Procurement of Testing Services 


16-5. Selection of Laboratory 

Academic Laboratories. During the period of the early develop- 
ment of soils engineering, the only soil laboratories were those at uni- 
versities or other research centers, Such laboratories still exist, of course, 
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and in fact have increased in number and size. The normal function of 
these laboratories, however, is student instruction and research. It is 
therefore somewhat unusual to find an academic laboratory which is par- 
ticularly well equipped or staffed for commercial testing. Most universi- 
ties, in fact, prefer not to undertake routine, standardized testing in any 
volume. It is now possible to make arrangements with qualified commercial 
laboratories for such tests. Soil testing involving special conditions or 
research is still commonly referred to an academic laboratory. 


Government Laboratories 

Such government agencies as the armed services, the Bureau of Public 
Roads, the Reclamation Service, the TVA, and most if not all state high- 
way or public works departments maintain laboratories for testing soil 
for engineering purposes—not to mention the many laboratories main- 
tained or subsidized by government at federal, state, and county levels 
for agricultural purposes. In terms of equipment value and number of 
employees the government soil-testing laboratories probably outrank all 
others. 

At least in part, it may be said that these laboratories were established 
when, except at the universities, there were no other soil-testing labora- 
tories. Government agencies were among the first to introduce soils en- 
gineering principles in the design and construction of highways and large 
earthworks projects. The establishment of government laboratories under 
the circumstances was a very natural development. While these labora- 
tories are not available for commercial testing, their existence and influence 
on testing procedures and equipment deserves mention. It is interesting 
to note that the federal government is now supplementing its own facilities 
by contracting with commercial laboratories for soil tests. 


Commercial Laboratories 

As soil test procedures have become standardized, a number of the older 
materials-testing laboratories have entered the soil testing field. Most of 
these laboratories will not attempt and many are not equipped for special, 
nonstandardized testing. In recent years a number of new laboratories 
have been established for soil testing only or for testing soil, concrete, and 
in some cases, asphalt. The specialized laboratory in many cases is 
equipped for both standard and special soil tests. The certification of an 
established testing laboratory on a test report is a very valuable asset in 
introducing testimony in a court case. 

When an earthworks project of appreciable magnitude is undertaken by 
a private organization, it will sometimes be appropriate to consider es- 
tablishing a special laboratory in the field for the one job. With govern- 
ment agencies this is a common practice. Job laboratories for control of a 
compaction operation, for example, can be equipped at relatively small cost, 
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and in some cases the inspector can double as the laboratory technician. 
Such laboratories can often pay for themselves many times over in savings 
on cost of transporting samples to established laboratories. Aside from 
cost a field laboratory should justify itself in speed of making test results 
available on the job. 

16-6. Terms. The differences in the nature of materials testing and soil 
testing which have been described above are sometimes reflected in the 
fees for doing the work. This depends largely on the matter of standardi- 
zation of testing procedures. If there is a standard specification for the 
test, and if only nonprofessional services are required for its performance, 
the testing can be done on the basis of a unit price established, if desired, 
by competition. A difficulty arises when professional services are involved 
in any way. It is considered unethical for a member of a profession either 
to solicit or to offer professional services on a competitive price basis. 
Thus it would be unethical, for example, to contract on a competitive price 
basis for determining soil bearing value or for making a slope stability 
analysis, yet acceptable to contract on this basis for many if not all of the 
tests which might be required. When professional services are involved 
it is customary to arrange for the work through negotiation rather than 
competition and to make payment on a fee basis. 

When professional services are involved there is an additional considera- 
tion in certain areas, namely, that only a licensed engineer is entitled to 
render such services. In some states only individuals or partnerships can 
engage in professional practice. Thus there may be certain phases of soils 
engineering which cannot be handled by a commercial laboratory which 
does business as a corporation. 

In view of this situation a number of consulting engineering firms now 
maintain their own soil-testing laboratories. When testing involving pro- 
fessional services is required, the employment of such a firm may provide 
a satisfactory solution to the administrative problem involved in arranging 
for the tests. 

16-7. Cost. The following comments on testing costs are made for the 
purpose of giving perspective on a very practical aspect of soils engineering. 
It was stated above that until World War II most soil testing was conducted 
in government and academic laboratories. It is often very difficult to 
obtain information on costs from such organizations; in fact individuals 
employed in these laboratories are sometimes uninformed on costs. Per- 
haps as a result of this situation, testing programs for some public projects 
have included a larger number of tests than would be scheduled for private 
work, The advent of commercial testing since the war has brought out a 
good deal of information on costs, 

There are several ways of considering teating coats, One isin relation to 
boring costs, Mechanical analysis and consistency teats on typloal mamples 
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to verify material classifications can be conducted at a cost which increases 
footage prices by about 20 to 25 percent. When consolidation tests are 
required, however, as in a settlement study, the total cost of the tests may 
be as much or more than the cost of borings alone. Triaxial shear testing 
may be even more expensive. Thus on the one hand, when the more ex- 
pensive tests are really needed, it is important to include sufficient funds 
in the cost estimate for this work, while on the other hand, their inclusion 
in the program when not fully justified can be a real extravagance. Even 
the inclusion of an excessive number of the less costly classification tests 
can involve a heavy expense. All this places a premium on selection of 
the right type and number of tests for a particular job. 

Most commercial laboratories which engage in soil testing are prepared 
to undertake not only laboratory tests but also field loading tests, pile 
tests, plate bearing, and field CBR tests. Quotations on such work will 
at times appear to vary widely. Investigation in such a case will usually 
indicate that the laboratories are quoting on widely different methods of 
performing a given test. For example, on a field loading test to determine 
allowable soil bearing capacity, one laboratory may have in mind tests on a 
single plate to no more than 150 percent of design load, while another may 
be planning tests on two plates of different size, each test to be carried by 
incremental loading to 200 percent of the design load. The quotation from 
the first laboratory might be $500 under these circumstances, while that 
from the second laboratory could be $2000. In many such cases, the 
higher-priced proposal should be accepted. 

While field tests of all kinds are often performed on a unit price basis, 
a rough estimate of reasonable cost can be made by considering the number 
of man-days employment of the technicians and supervisory personnel 
involved. 





APPENDIX I 
FUNDAMENTAL PROPERTIES OF CLAYS 


1. Visible Features of Particles 

Observations with Electron Microscope. Many of the particles of true clays are too 
small to be seen with an optical microscope. For examination of these particles it 
is therefore necessary to turn to the electron microscope. However, even with the 
electron microscope one difficulty remains, namely, observation of particle thick- 
ness. 

The thickness of the crystallographic units in montmorillonite, for example, is 
known to be about 10 Angstrom units (approximately 0.00000004 in.), and it is 
a generally accepted belief that under suitable circumstances, montmorillonite may 
disperse to particles consisting of single platelets 10 A thick. This dimension is 
beyond the resolving power of even an electron microscope, but the apparent 
resolving power of the instrument can be increased by a factor of about ten by the 
use of what is known as the shadow-casting technique, which is described below. 


Shadow-casting Technique 

With the shadow-casting technique, a metal such as platinum, uranium, or 
chromium is vaporized and the vapor allowed to impinge at a low angle on the 
specimen to be photographed. The specimen becomes opaque to electrons where a 
metallic coating is built up. However, protuberances in the specimen cast long 
shadows free of metal. These are relatively transparent to electrons and show up 
in the photographs in contrast to the areas which have been covered with a metallic 
layer. From the lengths of the shadow, the height of the protuberances can be 
calculated if the angle of shadowing is known. 

Use of the shadow-casting technique in photographing kaolinite particles is 
illustrated in Fig. AI-1.* In the upper section of this figure the shadowing serves 
to accentuate the outer edges of the particles and the terracing which has pre- 
viously been mentioned. In the lower section of the figure, a single particle is 
shown with a magnification of 100,000 times. The hexagonal crystal edges of the 
particle are clearly revealed in this picture. In addition, the length of the shadow 
reveals that the thickness of the particle is of the order of 200 A. Since the di- 
mensions of the particle in plan are several thousand Angstroms, this photograph 
indicates that the axial ratio for this particle is of the order of 10:1. 

In Fig. AI-2 a contrast is presented between photographs of shadowed and 
unshadowed specimens of kaolinite. The sharpness and clarity of the photograph 
of the shadowed specimens is evident in this figure, A similar comparison is given 
in Fig. AI-3 of photographs of illite particles, 

“Tn this and subsequent photographs the round, white, pillelike objects are included 


for scale, since their thickness and dimunsions in plan have been accurately predeter- 
mined, 
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Blectron Microscopy Laboratory, Cornell University Klectvon Mievowopy Laboratory, Cornell Univeratty 
Nia, AI-1, Particles of natural kaoliite, Top: (40,000 *; 1 om. = 2500 A); shad- Mia, Al-2, Particlos of natural kaolinite (26,000 9; Lom, « 4000 A), Wop: Un 


owed | ith chromium; tangent of shadoy angle « 140, Bottom: 100,000 >; (1 om, = shadowed, Hollam: Shadowed with uranium tangent of ahadow angle « 1) 5 
1000 A); shadowed with chromium; tanent of shadow angle 1:9, 
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Rleetron Microscopy Laboratory, Cornell University 


Kia, Al-3, Ilite particles, 
(Less than 2 (micron fraction of grundite; native exchangeable ions.) 
(25,000 <; Lom, = 4000 A), 
Top: Unshadowed, Hottom: Shadowed with uranium; tangent of shadow angle « 1:5, 
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Electron Microscopy Laboratory, Cornell University 


Fia. AI-4, Sodium montmorillonite (38,000 *; 1 em. = 2600 A). Top: Shadowed 
with uranium; tangent of shadow angle = 1:6, Bottom: Shadowed with platinum; tan- 
gent of shadow angle = 1:3.5. 


Use of the electron microscope and the shadow-casting technique with mont- 
morillonite particles has resulted in a significant increase in existing knowledge of 
the physical characteristics of these particles, Many of the pictures in the litera- 
ture, purportedly of montmorillonite, show merely hasy, indistinet, shadowy 
masses because of the extreme fineness of the particles, With ahadoweensting, how= 
over, the edges of the particles as well aa certain other features are more clearly 
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Electron Microscopy Laboratory, Cornell University 

Fia. AI-5. Particles of various montmorillonites (85,000 X; 1 om, = 2900 A), 

Upper left: Caesium montmorillonite, shadowed with uranium; tangent of shadow 

angle = 1:6, Upper right: Magnesium montmorillonite, shadowed with uranium; tan- 

gont of shadow angle « 1:5, Lower left; Thorium montmorillonite, shadowed with 

uranium; tangent of shadow angle » 1:8, Lower right) Ferrie montmorillonite, shad« 
owed with uranium; tangent of shadow angle @ 1.6, 
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defined, as shown in Figs. AI-4 and AI-5. From such photographs as these it is 
possible not only to determine that the dimensions in the basal plane are of the 
order of several thousand Angstroms but also that the thickness of the ultimate 
platelets is 10 + 4 A, giving an axial ratio of the order of 100:1. 


Particle Aggregation 

A second very interesting feature of the electron micrographs of montmorillonite 
is that the amount of dispersion or separation of the crystallographic units into the 
ultimate platelets is a function of the nature of the exchangeable ion. In the case of 
the sodium montmorillonite, most of the material observable in Fig. AI-4, for 
example, is in the form of isolated platelets 10 A thick. In the case of the caesium, 
magnesium, thorium, and ferric montmorillonites shown in Fig. AI-5, however, the 
platelets appear for the most part in aggregates. 

In clays where aggregation of particles ordinarily occurs, it has been observed 
that the platelets in any one aggregate are of quite different sizes and shapes and 
that they are not stacked with any apparent regularity in the vertical direction. 
This suggests that aggregates (of montmorillonite, at least) are not stable structures 
which persist unchanged through the history of a particular clay sample but that 
they are formed at random by coagulation of platelets which happen to be near 
each other at the time that aggregating conditions develop. 


Relation to Soil Structure 

The foregoing discussion and the referenced photographs have many implications 
which support the concept of dispersed structure presented in Chapter 4 of the 
text. Further evidence regarding the existence of needle-shaped particles in certain 
clays in contrast to the plate-shaped particles in other clays and a suggestion of 
match-stick structure is given in Fig. AI-6. 


2. Relation Between Engineering Characteristics and Fundamental Properties 
of Clays. Such characteristics as Atterberg limits, permeability, shearing strength, 
and compressibility of soils are often referred to as engineering characteristics. As 
previously stated, these characteristics are subject to wide variation. Not only do 
they differ markedly for soils in different classifications, but the properties of any given 
soil may vary to an almost equal degree with changes in condition such as degree of 
saturation, water content, and density. Possibly less well known is the fact that the 
engineering characteristics of soil are also dependent upon certain fundamental 
properties of clay particles and clay-water systems, and to the extent that these may 
be varied, the behavior of soil in engineering applications may be affected. 

There are at least two practical consequences of the situation as described 
above. One is the prospect that the engineering behavior of soils can be predicted 
with more confidence and greater accuracy when all the significant variables are 
identified and correlations between these variables and engineering characteristics 
are established. The other is that it may eventually become possible and econom- 
ically feasible to improve the engineering characteristics of soils under certain con- 
ditions by modifying not only the density and consistency, as is already being 
done, but also certain fundamental properties, 

Aside from considerations of size and shape, whieh have already been discussed, 
the chief fundamental propertics of clay particles are mineral composition and type 
of exchangeable ion, ‘Those features of clays are given separate consideration 
below, 
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Electron Microscopy Laboratory, Cornell Univeraity 

Fia, AI-6. Particles of natural attapulgite. Top: (15,000 ; 1 em, = 6700 A); une 

shadowed, Bollom; (80,000 *; 1 em, = 83800 A); shadowed with uranium; tangent of 
shadow angle, 1:5, 
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Fic. AI-7. Crystallographic units of clay minerals. 


Mineral Composition 

Mineral composition is determined by the type and arrangement of the atoms 
which make up the crystal structure of the solid matter. In the more common 
clay minerals certain atomic combinations are found to be repetitive. One such 
combination is a platelike arrangement of silica tetrahedra, each of the latter con- 
sisting of four tightly packed oxygen atoms and a central silicon atom. Another 
basic combination is a sheet comprised of aluminum octahedra, each of the latter 
consisting of six oxygen or hydroxyl ions arranged around an aluminum atom. 
The hexagonal planar network of silica tetrahedra is known as a silica sheet. The 
network of octahedral units is termed a gibbsite sheet. The crystal structure of 
many clay particles consists chiefly of alternations of these sheets. 

Kaolinite, as shown in Fig. AI-7, consists of simple alternations of silica and 
gibbsite sheets in indefinite numbers. At the contact between any two sheets there 
is a bonding of a high order of magnitude. Nevertheless, this is secondary to the 
bonding of the atoms within a sheet. Consequently, this mineral has a tendenc "y 
toward basal cleavage, that is, a tendency to break or fracture more readily along 
the contact surfaces of the shecté than in any other direction, 

[lite and montmorillonite, as also shown in Tig, AT-7, are made up of suc. 
cessions of units each consisting of a gibbaite sheet flanked on either side by silien 
sheets. Asa result of this arrangement there are contacts in these minerals between 
silica sheets, which are not found in kaolinite, In illite, there ina bonding of the 
silicon sheets by means of potassium ions, Ly montmorillonite, however, the apace 














470 APPENDIX I 


between the silica sheets is occupied by varying amounts of planar water. Both 
illite and montmorillonite have a greater tendency toward basal cleavage because 
of this structure. In addition, the spacing between the silica sheets in mont- 
morillonite is subject to variation with change in water content. It is on this ac- 
count that montmorillonite is termed an expanding-lattice clay while others are 
termed jixed-lattice clays. It is believed that under favorable conditions, expansion 
of the crystal lattice in montmorillonite occurs to such an extent that platelets con- 
sisting of only one gibbsite and two silica sheets are formed as independent units 
which are free to disperse. These so-called ultimate platelets would have a thick- 
ness of approximately 10 A. It is assumed that numbers of these ultimate platelets 


appear in Fig. AI-5. 


Particle Size 

From the engineering viewpoint, differences in mineral composition appear to be 
secondary in importance to differences in particle size and shape. It is true that 
there are differences in the engineering characteristics of illites and kaolinites and 
even greater differences between fixed-lattice clays with plate-shaped particles in 
general and the expanding-lattice clay montmorillonite. However, it seems reason- 
ably sure that these differences can be traced to size effects. Because of their 
weaker crystal structure, illite particles on the average are somewhat smaller and 
thinner than those of kaolinite. The ultimate particles of montmorillonite are per- 
haps not much smaller than those of illite in length and breadth, but they are 
definitely thinner. These differences in dimensions account for the distinct dif- 
ferences in the specific surface of these three minerals noted in Fig. 4—4 of the text. 


Exchangeable Ions 

The dimensions and shape of ultimate particles of clays cannot readily be changed. 
However, conditions affecting aggregation or dispersion of particles can be con- 
trolled to some extent, thus producing effects similar to alteration of particle size. 
One method of affecting the dispersion of a clay is to vary the type of exchangeable 
ion. It is probably for this reason that the type of exchangeable ion present in a 
clay may be of greater importance as to engineering behavior than mineral com- 
position. This at least appears to be the case with montmorillonite. 

To determine the relation between the engineering characteristics of various 
clays and their fundamental properties it would be desirable to conduct standard 
engineering tests on clay specimens which are identical except for a known difference 
in one particular fundamental property. There are practical reasons why this ob- 
jective is difficult to attain. However, tests on clays of different mineral com- 
position with controlled variation of the type of exchangeable ion can reasonably be 
undertaken. Data* from such tests are presented in Fig. AI-8. 

It is evident from inspection of Fig. AI-8 that the Atterberg limits and compressi- 
bility values for the four clays fall within distinctive ranges. As noted above, this 
is ascribed more to a basic difference in particle size and specific surface than to 
differences in composition. It may also be seen that the engineering charac- 
teristics of a given clay are affected by ion exchange reactions. The most dramatic 
effects are produced in montmorillonite. Here the substitution of higher valence 
ions for low valence ions drastically reduces the liquid limit and the plasticity index 


" Extracted from reports on research under the author's direction at Cornell, 
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and materially decreases the compression index. Indeed, by such substitutions, the 
characteristics of the expanding-lattice clay can be reduced to much the same values 
as those for the fixed-lattice clay illite. By the same process, the characteristics of 
illite can be made to approach those of kaolinite. However, in kaolinite, which is 
the coarsest of the platey clays, ion exchange is seen to have least effect. Atta- 
pulgite is evidently in a class by itself,* presumably because of the distinctive shape 
of its particles. 

In nature, the most commonly occurring variations of montmorillonite are 
probably sodium and calcium montmorillonite. It has frequently been observed 
that the properties of these two clays are quite different. The information given 
above is believed to have a direct bearing on this observation. 

Jon exchange in natural formations for engineering purposes is seldom practical. 
However, there have been a number of instances when it has been accomplished. 
One of the best known examples is the conversion of a calcium clay to a sodium clay 
to increase its value as a lining for a lagoon intended for storage of fresh water. T 


* This was indicated by the data on shearing strength presented in Fig. 6-15. Ad- 
ditional evidence of the distinctive nature of attapulgite is found in its behavior under 
compaction which is illustrated in Fig. AI-9. 

} C. H. Lee, “Sealing the Lagoon Lining at Treasure Island with Salt,” Proc. A.S.C.E 
Vol. 66 (1940), 247-63. 
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CITY OF BUFFALO, NEW YORK 
BUILDING CODE PROVISIONS FOR FIELD LOADING TESTS 


1-3. Soil Tests 


(a) When soil tests are required. Where there is doubt as to the character of the 
soil or should application be made for permission to impose on the soil loads in 
excess of those specified in Par. 1-2 (Fig. 10-4 of this text), a static load test shall 
be made in accordance with the rules of the Division of Buildings and at the expense 
of the owner of the proposed structure. The director of buildings shall be duly noti- 
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fied of any such test in order that he may be present either in person or by repre- 
sentative. A complete record of such test shall be filed with the Division of Build- 
ings. 

© Procedure for soil tests. In conducting tests to determine the safe sustaining 
power of the soil, the following regulation shall govern: 

1. The soil shall be tested at one or more places and at such level or levels as the 
conditions may determine or warrant. 

2. All tests shall be made under the supervision of the director of buildings or his 
representative. 

3. Each test shall be made so as to load the soil over an area of at least 1 sq. ft. 
and so that the load is applied continuously throughout the test. 

4. Before any test is made, a sketch of the proposed apparatus and structure to 
be used in making the test shall be approved by the director of buildings. 

5. The loading of the soil shall proceed as follows: 

(a) The load per square foot which it is proposed to impose upon the soil shall be 
first applied and allowed to remain undisturbed and readings shall be taken at least 
once every 24 hr. in order to determine the rate of settlement. The applied load 
shall remain until there has been no settlement for a period of 24 hr. 

(b) After the requirements of Clause a of this subdivision (Par. 1-3 [a]) are met, an 
additional 50 percent excess load shall be applied and the total load allowed to 
remain undisturbed until no settlement occurs during a period of 24 hr., careful 
measurements and readings being taken atleast once overy 24 hr. in order to 
determine the rate of settlement. 


1-4. Determination of Results of Soil Tests 


The test shall be considered unsatisfactory and the result unacceptable if the 
proposed safe load shows more than three-quarters of an inch of settlement, or the 
increment of settlement obtained under the 50 percent overload exceeds 60 percent 
of the settlement obtained under the proposed load. 
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TYPICAL PILING SPECIFICATIONS 


1. General Conditions 


a. Scope. This contract shall include the furnishing of all labor, materials, tools, 
equipment, piles or pile materials, and the driving of all piles shown on the draw- 
ings. Also included is furnishing of reports on materials tests as specified and 
complete pile-driving records. 

b. Cleanup. Upon completion and acceptance of all specified work the con- 
tractor shall promptly remove from the site all unused pile shells or other pile or 
construction materials, equipment, or supplies and shall leave the work area in a 
satisfactory condition. 

c. Borings. Records of borings made at the work site are included in the con- 
tract drawings. These records pertain to conditions at the boring locations. Con- 
tractors are expected to make a personal inspection of the site and to satisfy them- 
selves as to conditions affecting the work. 


2. Type of Piles 


(Example of specification for cast-in-place concrete piles.) 

Piles shall be of concrete, cast-in-place in steel tubes or shells driven in direct 
contact with the soil to the lengths and bearing capacity hereinafter specified. 

Shells shall be corrugated or fluted steel of good quality and workmanship and of 
sufficient strength to withstand driving and collapsing forces until concrete filling 
is placed. 

Shells may be of uniform diameter, step-tapered or straight-tapered, or tapered 
lower section and cylindrical upper sections. If tapered, minimum tip and butt 
diameters shall be 8 in. and 12 in., respectively; if not tapered, the minimum 
diameter shall be 11 in. 

Points may be flat, rounded, or conical steel plate or forged steel. 

Joints in shells shall be welded, screw-jointed, or adequately lock-seamed and shall 
be watertight. (The requirement that joints be watertight is sometimes waived.) 

Concrete quality and placement shall be as specified in Paragraph 5. 

(Alternatively, specifications would be given above for treated or untreated 
wooden piles, precast concrete piles, composite piles, steel or pipe piles, or other 
desired types. For other types of piles, modification of certain of the following 
paragraphs will also be required.) 


3. Driving 


a, Hammer, Pilo-driving shall not be started until written approval is secured 
from the engineer aa to the make, type, and weight of the hammer to be used, 
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Piles shall be driven with a pile-driving hammer delivering at least (specify mini- 
mum)* foot-pounds of energy per blow. 

b. Penetration 

(1) Test Piles. Test piles shall be driven at (specify number) of points on the 
site as directed by the engineer to obtain information relating to penetration 
requirements. 

(2) Minimum Length. Pile tips shall be driven at least to the depth of the desig- 
nated bearing stratum indicated on the drawings. This penetration is to be ob- 
tained whether or not interference to driving due to boulders or other obstacles is 
encountered or whether the penetration resistance prior to reaching the required 
depth indicates satisfactory bearing. Penetration shall also be subject to the re- 
quirements of Paragraph 4, Pile Bearing Capacity. 

Prior to filling the shells with concrete, tip elevations and the elevation of the 
top of the shell shall be checked to determine the extent of shell stretch or upheaval 
or rebound of tips if any. When stretch or tip rebound is observed, shells shall be 
redriven to specified penetration. 

A record of the final tip and cut-off elevations shall be kept by the contractor as 
specified below and submitted in satisfactory form before the equipment is removed 
from the site. 

When refusal is encountered or when resistance to driving becomes excessive, care 
shall be exercised to prevent damage to piles or pile shells. All shells torn, buckled, 
or out of position or plumb shall be subject to rejection and replacement at the con- 
tractor’s expense. 

c. Jetting, Drilling, and Shooting. Before undertaking jetting, drilling, or shoot- 
ing, the contractor shall describe the methods and procedure which he proposes to 
use to the engineer and shall obtain the latter’s written authorization to proceed. 

d. Location and Plumb. After driving and cutoff, pile heads shall be at correct 
elevation within a tolerance of 1 in. and at correct location in plan within a tolerance 
of 3in. Bearing piles shall be straight and plumb within a tolerance of 2 percent. 

If a pile is driven out of location or line, the engineer may require that an ad- 
ditional pile or piles be driven at a location and in a manner which he may specify. 
The unacceptable pile may be left in place or shall be pulled as the engineer directs 
without payment to the contractor for the driving or pulling. Shells rejected under 
this specification or the space left if the shell is pulled, shall be filled as prescribed 
by the engineer without payment therefore, providing the rejection is due to the 
contractor’s negligence. 


4, Pile Bearing Capacity 


a, Pile Loading Tests. (Insert here a provision for pile loading tests if any are to 
be required.) 

b. Driving Formula. After the tip has been driven to the required minimum 
depth, driving shall continue until the penetration resistance indicates that the 
design loading capacity of (specify number) tons as computed by the following 
equation has been reached: 

22, 


s+C 


"Such as 1 ft.-lb, of energy per pound driven or 7000 ftlb,, whichover is loast, 
| Buch as ASTM D1148-60'T, ; 


Pu = 
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in which 
P.n = design load per pile in pounds 
E,, = hammer energy in foot-pounds 
Ss = penetration of pile per blow in inches 
C = constant (see below) 


For hammer energy, En, use weight of ram in pounds times fall in feet for drop 
hammers and single-acting steam hammers. Use manufacturer’s rated energy in 
foot-pounds for diesel and for double- and differential-acting steam hammers. 

For the constant C use 1.0 for drop hammers, 0.1 for all other hammers. 

(Modify above as required if pile efficiency is less than one or if it is desired to 
substitute another pile-driving formula.) 

c. Records. Records of final penetration resistance for each pile shall be kept by 
the contractor as specified below and shall be submitted in satisfactory form before 
removal of equipment from the site. 


5. Concreting Piles 


a. Inspection. Prior to placement of concrete in any shell, the shell will be in- 
spected by the engineer. In no case will concrete be placed until all shells within a 
distance of 10 ft. have been driven. 

b. Concrete. Concrete used for filling shells shall develop a 28-day strength of 
2500 lb. per sq. in. Four test cylinders for each 100 cu. yd. of concrete poured but 
not less than 12 cylinders are to be made and tested by an approved commercial 
laboratory at the expense of the contractor. Half the cylinders are to be broken at 
7 days, the remainder at 28 days. 

Concrete shall be placed in the dry in shells well cleaned of mud and water by 
blowing or other methods. Concrete shall be rodded to eliminate stone pockets and 
completely fill shell to cutoff. 


6. Records 


The contractor shall keep records of all pile-driving, testing, and construction 
operations required under this contract and shall submit a written report in tripli- 
cate to the engineer before removal of equipment from the site. The report will 
include a complete description of the type of pile and hammer and pertinent operat- 
ing conditions such as steam or air pressure, hammer strokes per minute, etc. All 
intervals in which jetting, drilling, or shooting are performed shall be recorded. 
The penetration per blow for the last six blows on each pile will be stated. 


7. Bid Basis 


a. Base Bid. The lump-sum contract price for piling shall be based on driving 
the number of piles shown on the drawing and an assumed length per pile of (insert 
appropriate value) feet.* 

b. Additions. A unit price will be established as a basis for payment for each 
(insert appropriate value) foot* pile required by the engineer exclusive of piles 
driven to replace rejected piles. 

A unit price will be established as the basin for payment per foot for pile lengths 


*'The length specified in this section will generally be alightly greater than the re» 


quired minimum length referred to in Paragraph 8b (8), 
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exceeding the specified (insert appropriate value) foot* length on which the lump 
sum is based. 

c. Deductions. A unit price will be established as a basis for a deduction from the 
contract amount for each pile omitted by direction of the engineer. 

A unit price will be established as a basis for a deduction from the contract 
amount for each foot less than the required (insert appropriate value) feet* which a 
pile is driven. 

d. Test Piles. A lump-sum price will be established for driving the specified 
number of test piles. This price will include the cost of the piles, the driving opera- 
tion, and the incidental expenses such as cost of moving equipment and the expense 
of normal delays. 


8. Measurement and Payment 


a. Measurement. Measurement will be based on the number of acceptable piles 
driven and the lengths from tip to cutoff determined just prior to concreting. 

b. Payment. Payment will be made for the lump sum contract amount plus or 
minus authorized additions or deductions. 


CITY OF BUFFALO, NEW YORK 
BUILDING CODE PROVISIONS FOR LOAD TESTS ON PILING 


3-3(i). Determination of Bearing Value by Load Tests 


When the allowable pile load is to be determined by load tests, the tests shall be 
made as provided below. Such load tests shall be made at the expense of the owner 
of the proposed structure, or of the person causing the piles to be installed. Before 
any load test is made, the proposed apparatus and structure to be used in making 
the load test shall be approved by the director of buildings. All load tests shall be 
made under the supervision of the director of buildings or his representative. A 
complete record of such load tests shall be filed with the Division of Buildings. 

1. Uniform Conditions. Areas of the foundation site within which the subsurface 
soil conditions are substantially similar in character shall be established by borings 
not less than as required by Par. 1-1. Each such area shall be tested by driving at 
least three piles distributed over the area. Continuous records for the full depth of 
the penetration of the pile shall be kept of the blows per foot to drive the pile to the 
desired resistance. If the records of the driving resistance of these piles are not 
similar, or if the driving resistance is not in reasonable agreement with the informa- 
tion obtained from the borings, or where piles designed to carry more than thirty 
tons each are to be installed in soils underlaid by soils of poorer bearing value, the 
director of buildings may require additional piles to be driven for test purposes. 

2. Allowable Pile Load by Load Test. One of these three piles in each area of uni+ 
form conditions, but not less than two typical piles for the entire foundation in« 
stallation of the building or group of buildings on the site, shall be loaded by a 
method which will maintain constant load under increasing settlement. The test 
load shall be twice the proposed load value of the pile. The test load shall be applied 
in seven increments equal to 44, 34, 1, 114, 114, 184, und 2 times the proposed work« 
ing load. Readings of settlements and rebounds shall be referred to a constant 


"The length specified in this section will generally be slightly greater than the re« 
quired minimum length referred to in Paragraph 8b (2), 
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elevation bench mark and shall be recorded to Mooo ft. for each increment or 
decrement of load. After the proposed working load has been applied and for each 
increment thereafter, the test load shall remain in place until there is no settlement 
in a 2-hr. period. The total test load shall remain in place until settlement does not 
exceed {000 ft. in 48 hr. The total load shall be removed in decrements not ex- 
ceeding one-fourth of the total test load with intervals of not less than 1 hr. The 
rebound shall be recorded after each decrement is removed, and the final rebound 
shall be recorded 24 hr. after the entire test load has been removed. The maximum 
allowable pile load shall be one-half that which causes a net settlement of not more 
than Moo in. per ton of total test load or shall be one-half that which causes a 
gross settlement of 1 in., whichever is less. 

8. Foundation Piles. In the subsequent driving of the foundation piles for the 
structure, a pile shall be deemed to have a bearing value equal to that determined 
by the load test pile for that area of the foundation when the foundation pile, using 
the same or equivalent make and model of pile hammer and the same operation of 
the hammer with regard to speed, height of fall, stroke and pressure, and all other 
variable factors, shall develop equal or greater final resistance to driving than the 
load test pile. Where actual pile lengths vary more than 50 percent from that of the 
test pile, the director of buildings may require investigation to determine the 
adequacy of the piles. 

4. Pile Groups. Where the director of buildings has reason to doubt the safe 
load-sustaining capacity of pile groups, he may require, at the expense of the 
owner, group load tests up to 150 percent of the proposed group load. 


3-3(j). Underpinning Piles 


Piles jacked into position for permanent and for temporary underpinning shall be 
evaluated for safe bearing capacity by the jacking pressures used. The working 
load of each temporary underpinning pile shall not exceed the total jacking pres- 
ures used to obtain the required penetration. The working load of each permanent 
underpinning pile shall not exceed two-thirds of the total jacking pressure used to 
obtain the required penetration if the load is held constant for 10 hr., or one-half 
of the total jacking pressure at final penetration; but in no case are the load values 
set forth in Par. 3-3(e), (f), and (g), to be exceeded. (See below.) 


3-3(d) (3.e). Piles Bearing on Rock Consisting of a Structural Steel Shape Installed 
as a Full Length Core, Protected by a Minimum of Two Inches of Concrete, in a 
Concrete-filled Steel Shell . . . Which Is To Be Left Permanently in Place. ... 


The maximum load on any pile of this type shall not exceed 200 tons. 


3-3(e). Piles Installed Open-ended to Rock. 


Concrete-filled steel pipe or shells installed open-ended to bearing on rock... 
minimum steel thickness of 0.3 in. 

The maximum allowable load on any single pile of this type . . . shall not exceed 
200 tons. 


3-3(f). Piles Bearing on Rock, Hardpan, or Gravel-Boulder Formations Directly 
Overlying Rock, 


[xcept as provided in Par, 8-8(e), the allowable load of piles bearing on Claws 1 
rock as classified in Par, 1-2(c), hardpan, or gravelsboulder formations direotly 
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overlying rock, shall be determined in accordance with Par. 3-3(7) or by formula in 
accordance with the provisions of Par. 3-3(h), for loads of 40 tons or less per single 
pile or shall be determined in accordance with the provisions of Par. 3-3(i), for loads 
exceeding 40 tons per single pile, provided that in the latter case the piles bearing 
on rock are driven to resistance such that the net penetration for the last five blows 
totals 14 in. or less under the hammers specified in Par. 3-3(h). 

The maximum allowable load on any single pile of this type shall not exceed that 
permitted by the limitations for material stresses, soil conditions, and other re- 
quirements of Par. 3-1, 3-2, and 3-3; but in no case shall the allowable load exceed 
120 tons for piles bearing on Class 1 rock or 80 tons for piles bearing on hardpan or 
gravel-boulder formations directly overlying rock. 


3-3(g). Piles Which Receive Their Principal Support Other Than by Direct Bearing 
as Covered in Par. 3-3(e) and (f). 


The allowable load on piles which receive their principal support other than by 
direct bearings as covered in Par. 3-3(e) and (f) shall be determined in accordance 
with the provisions of Par. 3-3(h) or (2), provided it is 30 tons or less per single pile; 
and for loads exceeding 30 tons per single pile, in accordance with the provisions of 
Par. 3-3(2) for load tests. 

The maximum allowable load on any single pile of this type shall not exceed that 
permitted by the limitations for material stresses, soil conditions, and other require- 
ments of Par. 3-1, 3-2, and 3-3; but in no case shall the allowable load exceed 60 
tons. 

Where the points of a proposed foundation are underlaid by a stratum of com- 
pressible soil ranking below Class 8, as classified in Par. 1-2(c), either (a) the piles 
shall be driven completely through such compressible stratum to satisfactory 
bearing capacities in underlying material of Class 7 or better, as classified in Par. 
1-2(c), or (6) other effective measures shall be used to reduce the magnitude and 
unequal character of the settlement to be expected as a result of the consolidation of 
such stratum under the stresses imposed by the foundation loads, in which case a 
report shall be submitted by a qualified licensed professional engineer to the di- 
rector of buildings, establishing the effectiveness of such measure, based upon labora- 
tory soil tests on undisturbed samples of the compressible soils of a satisfactory 
quality and upon foundation analysis to determine to the satisfaction of the 
director of buildings that the probable total magnitude, distributions, and time-rate 
of settlement to be expected for the proposed structure will not be excessive. 
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UNIFIED SOIL CLASSIFICATION SYSTEM (FOR AIR 


Group " 
Symbols Typical Names 
cw Well-graded gravels, gravel-sand } 
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Fine-grained Soils 


{More than half of material is smaller than No. 


200-sieve size.) 


(The No. 200-sieve size is about the smallest particle visible to the naked eye.) 





elastic silts 


(Liquid limit 
greater than 50) 


Silts and Clays 





Highly Organic Soils 








(2) All sieve sizes on this chart are U.S, standard. 







Dilatancy (reaction to shaking) 


After removing particles larger than No, 40-sieve size, 
prepare a pat of moist soil with a volume of about 1/2 cu, 
in, Add enough water if necessary to make the soil soft 
but not sticky, 

Place the pat in the open palm of one hand and shake 
horizontally, striking vigorously against the other hand 
several times, A positive reaction consists of the appear 
ance of water on the surface of the pat, which changes to 
a livery consistency and becomes glossy, When the sam« 
ple is squeesed between the fingers, the water and gloas 
disappear from the surface, the pat stiffens, and finally it 


Poorly graded gravels, gravel-sand 


Silty gravels, gravel-sand-silt 


Clayey gravels, gravel-sand-clay 





Well-graded sands, gravelly sands, 


Poorly graded sands, gravelly sands, 
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Inorganic silts and very fine sands, 
rock flour, silty or clayey fine sands, 
or clayey silts with slight plasticity 


Inorganic clays of low to medium 
plasticity, gravelly clays, sandy 
clays, silty clays, lean clays 


Inorganic silts, micaceous or dia- 
tomaceous fine sandy or silty soils, 


Organic clays of medium to high 
plasticity, organic silts 


Peat and other highly organic soils 


(1) Boundary classifications: Soils possessing characteristics of two groups are designated by combinations of group 
symbols, for example, GW-Gc_ ,well-graded gravel-sand mixture with clay binder. 


Field Identification Procedures for Fine-grained Soils or Fractions 
These procedures are to be performed on the minus No. 40-sieve-size particles, approximately 1/64 in, 
For field classification purposes, screening is not intended: simply remove 

by hand the coarse particles that interfere with the tests. 
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Field Identification Procedures ! 
(excluding particles larger than 3 in. and | 
basing fractions on estimated weights) 
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Dry Strength (crushing characteristic) 


After removing particles larger than No, 40-sieve 
mold @ pat of soil to the consistency of putty, adding 
if necesmary, Allow the pat to dry completely by avery 
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FIELD AND HIGHWAY SUBGRADE CLASSIFICATION) 





Information Required for 
Describing Soils 





Laboratory Classification Criteria ~ 











For undisturbed soils, add information 
on Stratification, degree of compact- 

ness, cementation, moisture conditions, 

and drainage characteristics. 















Give typical name; indicate approximate 
percentages of sand and gravel; maxi- 
mum size; angularity, surface condition 
and hardness of the coarse grains; 

local or geologic name and other per- 

tinent descriptive information; and 
symbol in parentheses. 















Example: 
Silty sand, gravelly; about 20% hard, 
angular gravel; particles 1/2-in. max- 
imum size; rounded and subangular 
sand grains coarse to fine; about 15% 
nonplastic fines with low dry strength; 
well compacted and moist in place; 
alluvial sand; (SM). 








ler than No. 200-sieve size), coarse-grained 


Depending on percentage of fines (fraction smal- 
soils are classified as follows: 









Give typical name; indicate degree and 
character of plasticity; amount and 
maximum size of coarse grains; color 
in wet condition, odor if any, local or 
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symbols. 






Comparing soils at equal liquid limit, 


[ toughness and dry strength increase with 
50F increasing plasticity index. 





geologic name, and other pertinent 
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in parentheses. 
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For undisturbed soils add information 











on structure, stratification, consist- 











ency in undisturbed and remolded 20 





states, moisture and drainage con- 


Use grain-size curve in identifying the fractions as given under field identification. 
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Example: 
Clayey silt, brown, slightly plastic, 
small percentage of fine sand, 0 
numerous vertical root holes, firm 
and dry in place, loess, (ML). 





or air drying, and then test its strength by breaking and 
crumbling it between the fingers. This strength is a meas- 
ure of the character and quantity of the colloidal fraction 
contained in the soil. The dry strength increases with in- 
creasing plasticity. 

High dry strength is characteristic for clays of the CH 
group. A typical inorganic silt possesses only very slight 
dry strength. Silty fine sands and silts have about the 
same slight dry strength but can be distinguished by the 
feel when powdering the dried specimen. Fine sand feels 
gritty, whereas a typical silt has the smooth feel of flour, 


Toughness (consistency near plastic limit) 


Aiter removing particles larger than the No, 40-sieve 
size, a specimen of soil about 1/2-in, cube in size is 
molded to the consistency of putty, If too dry, water must 
be added, and if sticky, the specimen should be spread 
out ina thin layer and allowed to lose some moisture by 





100 


10 20 30 40 50 60 70 80 90 


Liquid Limit Plasticity Chart 
(for laboratory classification of fine-grained soils) ° 


evaporation. Then the specimen is rolled out by hand on 

a smooth surface or between the palms into a thread about 
1/8 in. in diameter. The thread is then folded and rerolled 
repeatedly. During this manipulation the moisture content 
is gradually reduced and the specimen stiffens, finally 
loses its plasticity, and crumbles when the plastic limit 

is reached. 

After the thread crumbles, the pieces should be lumped 
together and a slight kneading action continued until the 
lump crumbles, 

The tougher the thread near the plastic limit and the 
stiffer the lump when it finally crumbles, the more potent 
is the colloidal clay fraction in the soil. Weakness of the 
thread at the plastic limit and quick loss of coherence of 
the lump below the plastic limit indicate either inorganic 
clay of low plasticity or materials such as kaolin-type 
claya and organic claya which occur below the A-line, 

Highly organic elaya have a very weak and apongy feel 
al the plastio Hmit, 
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Crawler-type tractor, 
rubber-tired equipment, 
steel-wheeled roller 







slight 





Value as Value as Base tentiay | COmpressibility , Unit Dry Subgrade 
Symbol Bou Pigeotls under F eon on a : Bases Compaction Equipment fe Weight RG <n P eetobie * j 
Major Divisions When Not Subject ituminous ansion » per cu. ft. . per cu. in. 
me cole r to ee ad (9) (10) (11) (12) (14) (15) 
4). 
a) _ : None to very 
3 






Well-graded gravels or gravel- 
sand mixtures, little or no fines 





ae 
— 














Poor to fair 







None to very 
slight 








Crawler-type tractor, 
rubber-tired equipment, 
steel-wheeled roller 


Good to excellent 













Poorly graded gravels or gravel- 
sand mixtures, little or no fines 






Poe or more 





(ed 4 






























Gravel 7 Slight to Very slight Fair to poor Rubber-tired equipment, 40-80 
and Silty gravels, gravel-sand-silt Good to excellent | Fair to good medium sheepsfoot roller; , : 
Gravelly mixtures close control of moisture 













Slight to Poor to practi- Rubber-tired equipment, 
medium callyimpervious| sheepsfoot roller 


Slight.to Slight Poor to practi- Rubber-tired equipment, 120-140 
medium cally impervious| sheepsfoot roller 
None to very} Almost none Excellent Crawler-type tractor, 200-300 
slight rubber-tired equipment 
None to very] Almost none Excellent Crawler-type tractor, 100-120 200-300 
slight rubber-tired equipment 


Slight to 
high 


120-140 








Clayey gravels, gravel-sand-clay 
mixtures 


Well-graded sands or gravelly oe an 
sands, little or no fines 
Poorly graded sands or gravelly Fair to good 
sands, little or no fines suitable 
Good Poor , 


Silty sands, sand-silt mixtures 












Very slight Fair to poor Rubber-tired equipment 
sheepsfoot roller; 


close control of moisture 

















































Coarse-grained Soils 










































Be Ee et ---=—= Slight to Slight to Poor to practi- Rubber-tired equipment, 
8 Fair to good Not suitable high medium cally impervious|_sheepsfoot roller 
s Slight to Slight to Poor to practi- Rubber-tired equipment, 105-130 200-300 
Clayey sands, sand-clay mixtures | Fair to good Not suitable high medium cally impervious} sheepsfoot roller 
Medium to Slight to Fair to poor Rubber-tired equipment, 100-200 
Inorganic silts and very fine sands, | Fair to poor Not suitable very high medium sheepsfoot roller; 
rock flour, silty or clayey fine close control of moisture 
sands, or clayey silts with slight 
plasticity Medium to Practically Rubber-tired equipment, 100-200 
# Inorganic clays of low to medium Fair to poor Not suitable high impervious sheepsfoot roller 
2 plasticity, gravelly clays, sandy : 
oO clays, silty clays, lean clays Medium to 











Medium to high Rubber-tired equipment, 100-200: 
sheepsfoot roller 
es Fair to poor Sheepsfoot roller 80-100 Aer 100-200 
High Practically Sheepsfoot roller 90-110 
impervious 
High Practically Sheepsfoot roller 80-105 
impervious 


—_— eee dat 


high 





Organic silts and organic silt-clays Not suitable 
of low plasticity 


Poor Not suitable 






Medium to 
very high 










Inorganic silts, micaceous or 
diatomaceous fine sandy or silty 
soils, elastic silts 


Inorganic clays of high plasticity, Poor to very poor Not oul 
fat clays 

Organic clays of medium to high Poor to very poor 
plasticity, organic silts 

}forane Peat and other highly organic soils | Not suitable st na 






















Silts 
and 
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(LL > 50) 
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hard angular materials with limited fines or screen- sities for some materials (based on contact 
ings. Rubber-tired equipment is recommended for pressure of approximately 65 to 150 psi). 
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(e.g, OMe) will be used when the liquid limit is 28 the required densities with a reasonable number c. Equipment size. The following sizes of equipment rials. The area of the feet should be at least 
bs i and the plasticity index is 6 or less; the suffix passes when moisture conditions and thickness are necessary to assure the high densities required 5 percent of the total peripheral area of the 
u will be used when the liquid limit is greater than 28, are properly controlled, In some instances, & for airfield construction; drum, using the diameter measured to the 
2, Column 7: Values are for subgrades and base courses types of omens a nes beosuse aa Crepten ve tractor—total weight in excess of faces of the feet, 
e , . 
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crushed stone, tials, Sleel-wheeled roller 
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APPENDIX V 
TYPICAL SPECIFICATIONS FOR EARTH-FILL CONSTRUCTION 


1. General Conditions 


The contractor shall furnish all labor, tools, supplies, and equipment necessary 
to perform the site preparation, excavation, filling, compaction, and grading as 
shown on the plans or as described herein and as needed whether or not specifically 
stated to obtain a complete and satisfactory job. 

The contractor will establish all lines and grades necessary for execution of the 
specified work. 

On completion and acceptance of the work, the contractor will promptly remove 
all equipment, materials, and supplies from the work area and will leave the site 
in a satisfactory condition. 


2. Subsurface Conditions 


Borings and other investigations have been made at locations shown on the draw- 
ings. Records of these investigations are given on the drawings in the form of 
graphic logs. The information given in these logs applies only to conditions en- 
countered at the indicated locations and to the depths to which the borings were 
made. It shall be the responsibility of the contractor to examine the site personally 
and to conduct such additional investigations as he may deem necessary for planning 
and execution of work. 


3. Site Preparation 

a. Clearing and Grubbing. Within the specified areas, all trees, brush, stumps, 
logs, and tree roots shall be removed and disposed of as (insert suitable provision), 

b. Stripping. Stripping will be conducted in all excavation and fill areas. Topsoil 
will be removed to a depth of one foot and will be stockpiled for use in finish grading, 
Any artificial fill or rubbish, organic, or other deleterious material encountered 
in the stripping operation will be removed to its full depth and disposed of as (ine 
sert suitable provision). 

c. Fill Areas. Prior to placing fill in any area, grading is to be performed as re- 
quired to provide for drainage. Ditching or filling around the area will be performed 
to intercept or divert all surface water. Within the area the ground on which fill is 
to be placed will be graded so as to provide for unobstructed drainage from every 
point to a sump or other disposal point. 

On completion of grading as specified above, the area shall be closely examined to 


determine whether excessive wetness, springs, or other seepage of water can be 


observed at any point, Lf such conditions exist, positive drainage in suitable forme= 
such as french drains or tiling—must be provided before placement of fill is under 
taken, 
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When the fill area has been prepared as specified above, the natural ground 
surface shall be compacted by methods specified for compaction of fill. 


4, Placement and Preparation of Fill 


4 Source and Character. Fill material shall be obtained (insert suitable pro- 
vision indicating a designated source or sources or the extent to which the con- 
tractor is free to select a source). Placement of fill on frozen ground or fill which is 
frozen will not be permitted. 

b. Sequence of Operations. Filling shall begin in the lowest section of the area. 
Fill will be spread in layers as hereinafter specified. The surface of each layer will 
be approximately horizontal but will be provided with sufficient longitudinal and 
transverse slope to provide for runoff of surface water from every point. F illing will 
be conducted so that no obstruction to drainage from other sections of the fill area 
is created at any time. Sumps, if any, will be continuously maintained in effective 
operating condition. 

c. Layer Construction. Fill shall be spread in approximately horizontal layers 
measuring 12 in. in thickness prior to compaction. (The specified thickness depends 
upon the type of material, the nature of the job, the required percentage compaction, 
the type of compaction equipment, the prevailing weather conditions, and other 
variables. This subject should be given independent analysis for each job.) 

a. Condition. Each layer of fill shall be inspected prior to compaction. All 
visible roots, vegetation, or debris shall be removed. Stones larger than 6 in. in 
diameter shall be removed or broken. The water content of each layer shall be 
determined to be suitable for compaction or shall be brought to a suitable con- 
dition by measures hereinafter described. Material incorporated in the fill which 
is not in satisfactory condition shall be subject to rejection and removal at the 
contractor’s expense. 


5. Compaction* 


a. Degree 

(1) Less Than Ten Percent Stones. Fill containing less than 10 percent material 
retained on a No. 4 sieve shall be compacted so that the unit dry weight of the com- 
pacted material including the plus No. 4 fraction is equal to or greater than 95 per- 
cent of the maximum unit dry weight of material compacted in the laboratory under 
modified AASHO compaction specifications. 

(2) More Than Ten Percent Stones. Fill containing 10 percent or more of 
material retained on a No. 4 sieve shall be compacted so that the unit dry weight of 
the compacted material including the plus No. 4 fraction is equal to or greater than 
95 percent of the unit dry weight D, calculated by the following equation: 


_ PyX Dy; , P. X 0.90D: 
dD=~j0 +10 — 


in which 


D = unit dry weight in pounds per cubie foot of material con- 


* Soo preliminary discussion, Substitute a apeeified relative density for percontage 
Proctor when appropriate, 
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taining stones corresponding to peak compaction test den- 
sity of stone-free material 
= percentage of material passing No. 4 sieve 
Ds = maximum unit dry weight of stone-free material compacted 
in the laboratory under modified AASHO compaction 
specifications 
percentage of material retained on the No. 4 sieve 
D, = buik specific gravity of material retained on the No. 4 sieve 
multiplied by 62.4 


Uv 
Se 
| 


x 
| 


b. Equipment and Procedure. For purposes of comparing bids, all proposals for 
the work will be based on the assumption that compaction will be performed by a 
50-ton rubber-tired roller. (Substitute specifications for sheepsfoot roller, vibra- 
tory rollers or tampers, smooth-wheel or other rollers as may be appropriate to the 
nature of the fill material and job conditions. On small jobs and jobs in certain 
areas, the number of different types of rollers may be limited or available only at 
considerable expense.) The roller shall have a minimum of four wheels equipped 
with pneumatic tires. The tires shall be of such size and ply as to be capable of 
being operated at tire pressures not less than 80 psi at a 25,000-lb. wheel load. The 
roller shall be towed at speeds not to exceed 10 mi. per hr. 

A standard compaction operation with this roller will consist of three passes of 
the equipment over each section of the working surface. Each successive pass shall 
overlap the preceding adjacent pass by 10 percent. Roller passes made on material 
in unsuitable condition will not be considered in judging compliance under this 
specification, Other types of compaction equipment and compaction operations 
will be authorized as a substitute for the above only on the basis of a field demon- 
stration, solely at the contractor’s expense, that satisfactory results can be ob- 
tained. 

c. Moisture Content 

(1) Less Than Ten Percent Stone. Fill containing less than 10 percent material 
retained on the No. 4 sieve will be compacted only when the water content of the 
minus No. 4 fraction is within the limits of 4 percent less to 2 percent greater than 
the optimum as determined by the modified AASHO compaction test. 

(2) More Than Ten Percent Stone. Compaction of fill containing more than 10 
pereent material retained on the No. 4 sieve will be performed under the above 
specifications for moisture content unless it proves impractical to obtain specified 
densities by this procedure. In the latter case, the field optimum water content for 
the material will be established by construction of test fills under terms to be 
established by negotiations. The owner reserves the right to conduct this work 
under separate contract. 

(3) Alteration. The water content of the fill material may be reduced when 
necessary by discing, harrowing, tilling, or other procedure appropriate for obtain- 
ing or promoting aeration. The water content may be increased by addition of 
water on the fill or in the borrow area. In either case, the added water must be 
evenly distributed through the fill material prior to compaction. No fill shall be 
placed until suitable equipment for aeration and addition of water is on the job 
end is demonstrated to be in satisfactory working condition. 
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practicable prior to rainfall. No fill shall be placed until this roller is available for 
operation. 


6. Testing 


The acceptability of the compaction will be established by tests (state whether at 
contractor's or owner’s expense). The unit weight of compacted materials will be 
established by in-place density tests conducted by the sand-volume or balloon 
volumeter procedures. Additional tests to establish or confirm maximum Proctor 
density, optimum moisture content, and percentage stone content will be performed 
as required by working conditions. 


7. Measurement and Payment 


Any or all of the above specified operations necessary to obtain satisfactory com- 
pacted fill will be performed under the item Compacted Fill without separate pay- 
ment for any individual operation, Payment for compacted fill will be made 
(specify whether lump sum, unit price, or other basis. If unit price, specify pro- 
cedure for measurement). 
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QUANTITIES AND COST OF CHEMICALS FOR CONTINUOUS 
SURFACE STABILIZATION 


Chemicals (including Portland cement and asphalt) are sometimes utilized for 
stabilizing surface soils to form an expedient or low-cost roadway or runway sur- 
facing or to stabilize a subgrade for a conventional pavement. When stabilization 
of this nature is under consideration, the cost of the chemical may be a controlling 
factor. Elements in this cost are the level of treatment required (amount of chemical 
per pound or per cubic foot of soil), the thickness of the treated layer (depth through 
which the chemical must be distributed), and the cost per pound of the chemical 
itself. 

As an aid to performing calculations involving these variables, Fig. AVI-1 has 
been prepared. In this figure, the dotted line indicates the procedure which would 
be followed to determine the total cost of chemicals per square yard of pavement if 
the chemical costs 5 cents per lb., the depth of treated layer is 4 in., and the level of 
treatment is 5 percent. For this example the cost is slightly less than $1.00 per 


sq. yd. 
The total cost values obtained from Fig. AVI-1 are for the chemical only. Sub- 


Quantity of 
Chemicals 
(1b./sq. yd.) 






$1.00 $2.00 
Level of Treatment in Percent Total Cost of Chemicals in Dollars/Sq. Yd. 


Fia. AVI-1. Quantities and cost of chemicals for continuous surface stabilization. 


stantial additional costs are involved in material transportation and handling and in 
construction operations. As a rule of thumb, the additional costs are sometimes 
taken as being as much again as the chemical costa, 
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TYPICAL SPECIFICATIONS FOR SUBSURFACE 
INVESTIGATION BY BORINGS 


1. General Conditions 


The contractor shall furnish all labor, equipment, materials, and supplies required 
to make borings and obtain soil samples, rock cores, and other subsurface informa- 
tion as specified hereinafter. 

With reference to technical aspects of the work, the engineer will be the owner’s 
representative and will have sole authorization to make changes in specified pro- 
cedures and work quantities. 

Information on accessibility of boring locations, nature of terrain, availability and 
terms for obtaining water, and all other conditions affecting the work must be ob- 
tained by the contractor. Right of entry to each required boring location will be 
obtained by the owner. 

Upon completion and acceptance of the work in each area the contractor will fill 
or otherwise close the upper part of each boring except when specifically instructed 
to leave a boring open for ground water observation or other purpose and will re- 
move or destroy any equipment, tools, or supplies which might create any hazard 
not previously existing. Each work area will be cleaned and left in satisfactory 
condition. 


2. Location, Number, and Depth of Borings 


a. Location. Borings shall be made at the approximate locations shown on the 
attached plan or as directed by the owner. Exact locations will be staked out or 
otherwise indicated in the field by the owner. 

b. Number. It is expected that the number of borings will be approximately as 
indicated on the plans. However, the right is reserved to decrease the number to a 
minimum of (state minimum) or to increase the number without limitation as con- 
ditions may require without increase in applicable unit costs. 

c. Depth. All borings will be made to a minimum depth of (state minimum) feet or 
10 ft. into rock, whichever is accomplished first. The right is reserved to increase 
the depth of drilling in overburden to 100 ft. without increase in unit costs. 


3. Definition of Terms 


a. Overburden. The term overburden is used in these specifications in reference to 
any unconsolidated materials lying above bedrock, It shall include both natural 
soil formations and fill and all rubble, stones, or boulders which can be broken or 
displaced by driving or light blasting, 

b, Rock, Bedrock and detached sections of rock or large boulders in which core 
boring is necessary or authorised will be classified as rook, 
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4, Methods 


In making borings in overburden, casing not less than 214 in. in diameter or 
other specifically approved method for keeping the holes open shall be used. Wash 
boring, rotary drilling, or other approved method may be used for loosening and 
removing material from the boring. Soil samples shall be obtained by dry sampling 
methods, as specified below. Penetration resistance records and ground water 
observations in overburden will be required. Drilling in rock will be conducted 
with diamond bits to obtain continuous rock cores. Borings shall be made by 
suitable methods to the depth specified by the engineer through whatever material 
is encountered. Boring will not be started until the contractor’s equipment has 
been examined and approved by the engineer. 


5. Exploration in Overburden 


a. Drilling. The methods described above in Paragraph 4 may be used for 
penetrating overburden. Blasting with small explosive charges when required to 
penetrate or displace boulders may be conducted only when expressly authorized 
by the engineer. Continuous drilling without sampling as prescribed below will not 
be conducted. Borings in which drilling in excess of 5 ft. is conducted without 
obtaining samples will be subject to rejection in entirety or to rejection in part at 
the discretion of the engineer, and additional drilling may be required at the expense 
of the contractor to obtain samples in the rejected interval. 

b. Sampling. 

(1) Split Spoon. In each boring, samples shall be obtained by driving a 2-in. 
O.D. split-barrel sample spoon of conventional design into material which has not 
been disturbed by the boring operation. At least one sample shall be taken from 
each distinct soil stratum which is penetrated. In no case shall the interval between 
samples exceed five (5) feet. The sample-spoon driving operation shall be as de- 
scribed under Paragraph 5c, Penetration Resistance. The sample spoon shall be not 
less than 18 in. inside clear length. When casing is used in the boring, the sample 
shall be obtained at a point not in excess of 2 ft. below the casing unless this require- 
ment is waived by the engineer. When necessary to retain the sample but not other- 
wise, the spoon may be equipped with a flap valve, core catcher, or other similar 
device. After driving, the barrel of the spoon shall be opened and specimens re- 
moved in the field and preserved in watertight containers permanently and legibly 
marked to provide complete identification. 

(2) Shelby Tube. In each interval of plastic or organic material at least one sample 
shall be obtained with a 2-in. O.D. Shelby-tube sample spoon of conventional 
design. These spoons shall be constructed and used to obtain a sample of at least 
12-in. length with a minimum of disturbance. The sample spoon shall be con- 
tinuously pressed rather than being driven into undisturbed soil. Samples shall 
not be removed from these tubes by the boring contractor. The tubes shall be 
sealed and capped in the field and shall be permanently and legibly marked to pro- 
vide complete identification. When the plastic or organic material in any one boring 
has a continuous thickness of more than 10 ft., Shelby-tube samples shall be taken 
at intervals not in excess of 10 ft. in such material. The engineer may require that 
these samples be obtained at lesser intervals, 

c. Penetration Resistance. As a means of obtaining information on the natural 





SUBSURFACE INVESTIGATION BY BORINGS 493 


density of the overburden materials, the split-barrel sample spoon shall be driven 
in the following, standardized manner. After the boring has been thoroughly 
cleaned and prepared for sampling, the spoon shall be attached to rods or drill pipe 
and lowered to the bottom of the hole. The spoon shall then be seated to a depth of 
approximately 4 in. as a preliminary to driving. 

Driving shall be accomplished with a 140-lb. drive weight of the pin- or spear- 
guided type with hard-wood cushion block. The weight shall be handled in such a 
manner that it will fall freely and will strike squarely on a drive head on the rods 
or pipe attached to the spoon. Use of slide weights guided by a jar length attached 
to the drive head or use of wire cable or reversible winch for raising the weight will 
not be permitted in obtaining records of penetration resistance. 

After being seated, the split-barrel spoon shall be driven, using the above de- 
scribed drive weight which shall fall 30 in. for each blow. The number of such 
blows which are required to drive the sample spoon a distance of 12 in. shall be 
recorded as penetration resistance. This record shall be established for each drive 
of the split-barrel sample spoon, and the sampling operation shall be considered 
unsatisfactory whenever the standardized driving operation is omitted or performed 
improperly. 

d. Ground Water Observation 

(1) After completion of each boring the distance from the ground surface to the 
water level in the boring will be observed. This observation will be made in the 
following manner. As soon as the last boring, sampling, or coring operation has 
been performed, the level of the water will be observed and recorded with a notation 
of the elapsed time between the time of observation and the last pumping of wash 
water into the boring. If casing was used in overburden, the casing will then be 
pulled and a second observation made as soon as practicable thereafter, except that 
several lengths of casing shall be left in the upper section of the hole if necessary to 
prevent caving. The water level and elapsed time for the second observation will 
also be recorded. <A third observation will then be made and recorded approximately 
12 hr. later. If the water levels on the second and third observation are not the same, 
observations will be continued at 24-hr. intervals until a steady condition is reached 
or until the engineer accepts the boring. However, the contractor will not be re- 
quired to continue ground water observations more than 24 hr. after the completion 
of the last of the required borings without his consent. 

(2) If so directed by the engineer, a ground water observation well shall be con- 
structed as follows: At one or more locations on the site as directed, a casing shall be 
left in a completed boring to create an observation well for future measurements of 
ground water elevation. The casing may be of any material which will not de- 
teriorate significantly for a period of one year. It shall extend from about 1 ft. 
above the ground surface to a depth of approximately 10 ft. below the ground water 
level, as determined during the boring operation. After the casing is set as specified 
above, it shall be cleaned out for its full length. Mortar sand shall then be poured 
into the casing, filling the boring below the casing and the bottom 6 in, of the casing 


itself. An additional 6-in. filling of pea gravel shall then be added, Around the 
outside of the casing at the ground surface, a backfill of relatively impervious ma- 
terial shall be placed, ‘This backfill shall be firmly tamped and graded so as to 


carry runoff away from the casing, The casing is to be provided with a cap which 
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normally will seal the casing effectively but which can be removed for ground 
water observation. 

The right is reserved to delete this item entirely or to require the construction of 
more than one observation well without change in the unit price. 


6. Rock Core Drilling 


a. General. Wherever rock as defined in Paragraph 3b is encountered, the con- 
tractor will conduct continuous core-boring. In bedrock, core-boring to a minimum 
of ten (10) feet depth or to greater depths as directed by the engineer will be con- 
ducted. A diamond core bit and a single- or double-tube core barrel shall be used 
of such a size as to obtain cores no less than one and three sixteenths (1346) inches in 
diameter, with the exception that the engineer reserves the right to require the use 
of double-tube core barrels should the core recovery in single-tube core barrels, in his 
estimation, be poor. 

b. Coring Procedure. Prior to drilling through rock or boulders, the chopping bit 
shall be used to break up all disintegrated rock, and the casing shall then be firmly 
seated by driving and washing out before inserting the diamond bit. The diamond 
core bit shall then be started in the hole, and the rock shall be drilled until the re- 
quired depth is reached. When the core is broken off, it shall be withdrawn, labeled, 
and stored before the drilling is continued. 

Cores shall be carefully handled to insure their proper identification and placing 
in the order in which they are removed from the hole, and care shall be taken to 
recover as large a percentage of core as possible. The contractor shall regulate the 
speed of the drill, the rate of feed, and the pressure on the bit and shall remove the 
core as often as necessary to insure the maximum percentage of recovery. The per- 
centage of core recovery for each run shall be recorded. 

c. Preservation of Rock Cores. Rock cores shall be placed in suitable wooden 
core boxes so partitioned that the cores from each boring will be kept separate. 
Wood spacer blocks shall be inserted and properly labeled wherever there is core 
loss. The rock cores shall be suitably labeled and arranged in the boxes in the 
sequence in which the material is removed from the hole. Adjacent runs shall be 
separated by means of wood blocks, on which the elevation of the top and bottom of 
the run shall be clearly, accurately, and permanently marked. 

Core obtained from detached sections of rock or from boulders in the overburden 
shall be suitably preserved and delivered to the engineer with the soil samples. 

Core boxes shall be constructed of dressed lumber, about five (5) feet in length, 
and with a capacity for about twenty (20) feet of core in each box. Each core box 
shall have a hinged and screwed-on cover, be completely equipped with all necessary 
partitions, spacer blocks, covers, hinges, and screws, and shall be substantially 
made—to withstand normal abuse in shipment. 

Each core box shall be properly, clearly, accurately, and permanently labeled, 
showing the project name, the number of the test boring, and the depth at which the 
core was taken. 


7. Boring Records 


A complete and accurate log shall be kept of all borings. Four copies of the logs 
shall be given the engineer upon completion of the work, The logs shall show boring 
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number, description of the material in the boring, depth at which each change in 
material occurs, loss or rise of wash water, depth at which samples were obtained 
and the type of sample in each instance, penetration resistance, percentage of core 
recovery, depth to water table, and any other data pertinent to identification of 
material or to the strength or consistency of the material in undisturbed, natural 
formations. 

Each set of logs will be accompanied by a plan of borings showing the location at 
which each boring was actually made and the ground elevation at each boring loca- 
tion. Information on ground elevations will be furnished by the engineer. 

All soil samples and rock core shall be delivered in acceptable condition to the 
engineer as soon as possible after completion of each boring. 


8. Measurement 


a. Exploration in Overburden. Measurement will be made by the linear foot from 
the ground surface at the boring location to the depth actually reached in overburden 
for borings or intervals in borings which are accepted by the engineer. This measure- 
ment will include all intervals in which sampling is conducted. 

b. Shelby-Tube Samples. Shelby-tube samples containing at least 8 in. of un- 
disturbed material will be accepted for payment. 

c. Ground Water Observation Well. The number of wells will be determined with- 
out regard to depth. 

d. Rock Core Drilling. Rock core drilling will be measured by the linear foot of 
depth actually drilled as measured from the surface of bedrock determined by drilling 
operations to the bottom of the drill hole, or by the linear foot of depth actually 
drilled by core boring methods through detached rock encountered in the over- 
burden. 


9. Payment 

a. On and Off Charge. A single, lump-sum payment will be made for delivery on 
the site and subsequent removal therefrom of all equipment, tools, materials, and 
supplies necessary for the performance of the required work. 

b. Drilling and Sampling in Overburden. Payment will be made at the contract 
unit price for the total number of feet of borings in overburden which are accepted. 
This payment will cover all boring operations, split-spoon sampling, obtaining 
penetration resistance records, making ground water observations, maintaining 
required records, and submitting complete reports. 

c. Shelby-Tube Samples. Payment will be made for each acceptable Shelby-tube 
sample at the contract unit price. 

d. Observation Wells. Ground water observation wells will be paid for at the 
fixed contract price regardless of depth. 

e. Rock Core. Payment will be made at the contract unit price for rock core 
drilling which is measured and accepted as provided above. 
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Abutments, 184 
Accumulation curve, 16, 18, Fig. 2-2 
Active pressure; see Pressure, lateral earth 
Active stress; see Stress 
Adhesion, 152,* 253, 317, 331 
Adsorption, 55, 56, 59 
Aggregate drier, 414 
Aggregates, soil, 85, 89, 95 
Aggregation, 85, 89, 95, 377, 467 
Air-photo interpretation of soils, 8, 222, 
378, 449 
Air photographs, 222, 450 
Air-voids, 31, 32, 39, 392 
Air-water interface, 62, 75, 183 
Allowable bearing capacity of soil for 
spread foundations, 290, 291, Fig. 
10-11; see also Bearing capacity 
Alluvial deposits, 447 
American Association of State Highway 
Officials (AASHO), 16, 21 
American Society for Testing Materials 
(ASTM), 16 
American Society of Civil Engineers 
(ASCE), 17 
Anchor pile, 481 
Anchorages, 232, 235, Fig. 9-4 
Angle of internal friction; see Friction 
angle 
Angle of repose, 150, 206, Fig. 6-10 
Anions, 76 
Anode, 76 
Anvil block, 326; see also Hammers, pile- 
driving 
Apparatus for load test on piling, 481, 
Fig. AIII-1 
Apparatus for test for soil bearing ca- 
pacity, 474, Fig. AII-1 
Aquifer, 71, 72, 184, 222, Fig. 3-10 
Artesian flow, 72, Fig. 3-10. 
Artesian pressure, 71-72, 184, Fig. 7-8; 
see also Pressure, water 
Asphalt, cut-back, 414 
Asphalt emulsion; see Emulsion 
Asphaltic concrete, 375 
Attapulgite, 88, 159, 468, Figs. 4-5, AI-6 
Atterberg 
classification system, 43, 44, Fig. 2—10 
indexes, 45 
limits, 48, 44, 45, 05 
states of consistency, 48, 44 


Auger; see also Boring, auger 
continuous flight, 424, 425, Fig. 15-3 
hand, 424, Fig. 15-2 

Iwan, 424, Fig. 15-2 
ship, 424, Fig. 15-2 
Auger boring; see Boring 


Backfill, retaining wall 
clay, 250-55, 260, Fig. 9-14 
cohesionless, 233-45, 260 
compaction of, 259, 260 
definition of, 231, 232, Fig. 9-1 
drainage, 259, 267, Fig. 9-17 
pressure; see Pressure, lateral earth 
saturation, 257, 258, Fig. 9-16 
sloping, 240, Fig. 9-8 
Backwater pressure diagram, 220, Fig. 
8-12 
Ballast, rock, 446 
Ballasting; see Equipment, compaction 
Balloon volumeter tests; see Tests 
Basal cleavage, 26, 151, 469 
Base course, 7, 11, 375, 450 
Bearing capacity factors, 279, 280, 281, 
Fig. 10-7 
Bearing capacity of end bearing piles, 331 
Bearing capacity of friction piles 
allowable, 331, 333, 336, 341, 346 
by load tests; see Tests 
by static formula, 333-36 
due to skin friction 
discussion of, 317-19, 367, Fig. 11-2 
unit values for, 334, 335, Fig. 11-11 
due to tip bearing 
allowance for, 335 
discussion of, 318, 319, Fig. 11-2 
effect of group action on, 347-49 
effect of weak substratum on, 349-50 
relation to driving resistance 
discussion of, 337-47 
Engineering News formula for, 341 
Hiley formula for, 348 
safe working load, 333 
ultimate, 333, 334, 335, 336, 341 
Bearing capacity of soil for spread foun- 
dations 
allowable, 277, 288, 290-92, Fig. 10-11 
alteration of, 802 
offect of footing size, 284-88, Figs. 10-9, 
10-10, 10-11 


* Bold face numbers indicate location of primary reference, 
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Bearing capacity of soil for spread foun- 

dations—Continued 

effect of relative magnitude live and 
dead loading, 289 

effect of weak substrata, 289 

Housel equation for, 287, 288 

presumptive 
definition of, 277 
values, clays and mixed soil, 297, Fig. 

10-13 

values, granular soil, 296, Fig. 10-12 

safe, 262, 277, 443 

ultimate, 299; see also Rupture of soil 
cohesionless soil, 281-82, 285-87, 


Fig. 10-10 
cohesive soil, 280, 285, 286, Fig. 10— 
10 


definition of, 135, 275 
general equation for, 277-84 
surcharge effect, 283 
Bearing piles; see Piles 
Bearing value; see Bearing capacity 
Bearing wall, 271, 272 
Bed rock, 3, 433, Fig. 1-1 
Bedding planes in rock formations, 446 
Bentonite, 87 
Bernoulli, 65 
Binder, 14 
Biologic activity, 3 
Bituminous stabilization of soil; see 
Stabilization, soil 
Blast holes; see Boring 
Blasting 
to compact loose granular soil, 225 
to displace weak foundation material, 
226 
Block and wedges, 218, 215, Figs. 8-10, 
8-11; see also Stability, unretained 
earth slopes 
Blows; see Borings; Pile-driving; Standard 
penetration resistance 
Body force; see Forces 
Body stress; see Stress 
Borings 
auger, 424, 425, 449, 452, Figs. 15-2, 
15-3 
blast holes, 433 
core, 433, 451, Fig. 15-9 
cost of, 450-52 
estimating requirements for structures, 
444, Fig. 15-15 
footage prices, 451 
graphic logs of, 437, 440, Fig. 15-12 
logs, 22, 356, 437, 438, 439, Figs. 12-2, 
15-11 
plan of, 488, Fig, 15-10 
wash, 426, 427, 420, Figs, 15-4, 15-5 
Bortz, 484; see also Boring, core 
Bound water; see Water 


Boundary loading 


concentrated; see Boussinesq 
distributed, 189, 271 
point loads; see Boussinesq 


Boussinesq 


equation for stress due to point load, 
185-86, 353, 373, Fig. 7-9 
stress factor, 186, Fig. 7-10 
theory, 185, 298 
Braced wall, 234, Fig. 9-3 
Bracing, 260 
Bridging theory, 98, 99; see also Com- 
pressibility 
Building code provisions for soil loading, 
276, 277, Fig. 10-4 
Bulb of pressure, 195, 283, 289, 299, 301, 
Fig. 10-15 
Bulk water; see Water 
Bureau of Public Roads; see United States 
Bureau of Reclamation; see United States 
Bureau of Soils; see United States 
Buttressed wall, 233, Fig. 9-2 


Caissons, 316; see also Piles 
Gow, 317, Fig. 11-1 
Calcium chloride, 415 
Calcium silicate gel, 415 
California bearing ratio, 384, 385; see also 
Tests 
Cantilever footing, 272, Fig. 10-1 
Cantilever wall, 233, Fig. 9-2 
Capillaries, 59 
Capillarity, 56, 60-62 
Capillary phenomena 
drawdown, 57, Fig. 8-1(b) 
flow, 65, 71, 75, Fig. 3-7 
head, 65 
meniscus, 57, 183, Fig. 3-1 
pressure reduction, 59-60 
rise, 57-58, 61-62, Figs. 3-1(a), 3-2 
zone, 60 
Capillary water; see Water 
Casing, 426; see also Borings 
Cathode, 76 
Cations, 76 
Center of resistance; see Piles, driving 
resistance 
Chemical grouting; see Grouting 
Chemical solidification; see Soil solidifica- 
tion 
Chemical stabilization; see Stabilization 
Chopping bit, 423, 426 
Chrome-lignin, 416; see also Grouting 
Chromium salt, 416 
Civil Aeronautics Authority (CAA); see 
United States 
Civil Engineering; see Engineering 
Classifieation of soil moisture, 54; see alao 
Wator 
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Classification, soil 
Atterberg system for, 43 
for foundation engineering, 293-95 
pedological system for 
categories, 377 
discussion of, 376-378; see also Classi- 
fication, subgrades 
simple units of classification (series, 
type, phase), 377 
use in classifying subgrades, 378 
plasticity chart, 46, Fig. 2-12 
subgrades, see Classification, subgrades 
systems for, 20, 21, Fig. 2-6 
textural, 20-25, 48, Fig. 2-6 
triangular chart, 24, Fig. 2-8 
Unified Soil Classification System, 381, 
482-83, Fig. AIV-1 
Classification, subgrades 
as to frost susceptibility, 381 
BPR system, 378 
CAA system, 380-81 
group index method, 379-80, 388, Figs. 
13-4, 13-9 
Highway Research Board system 
(HRB), 378-79, Fig. 138-3 
systems for, 376-82 
Unified Soil Classification System, 381, 
484-85, Fig. AITV-2 
use of pedological system, 378 
Classification tests; see Tests 
Clay 
compacted, 119-20, Fig. 117 
engineering characteristics of, 30-31, 
467, Figs. 2-9, AI-8 
expanding lattice, 470 
extrasensitive, 116, 120, 160 
fixed lattice, 470 
fundamental properties of, 461, 471, 
Fig. AI-8 
hydrogen, 79 
normally loaded, 119 
particle size range, 138-14, 21, 22, 86, 87, 
Figs. 2-9, 4-4 
precompressed, 119 
remolded, 101, 103-11 
sensitivity of, 160, Fig. 6-16; see also 
Degree of sensitivity 
undisturbed, 101, 111, 112 
Clay mineral; see Mineral 
Clay structure; see Structure 
Clay suspension, 161; see also Drilling mud 
Clay-water systems, 84 
Clearing and grubbing, 486 
Coefficient of restitution, 848 
Cohesion 
apparent, 188 
of olay, 182, 153, 154, 165, 210, 264, 
270 
of water, 67 


Colloidal size range, 14, 22, 87; see also 
Materials, colloidal; Systems, col- 
loidal 

Combined footing, 272, Fig. 10-1 

Compaction 

control of, 407-8 

definition of, 390 

degree of, 33, 37 

effect of stone content, 410-11 
equipment; see Equipment, compaction 
for increasing bearing capacity, 303 
of backfill; see Backfill 

of embankment foundation, 225 
percentage, 36, 407, 408, 410, 411 
specifications, 407, 486-88 
standards, 394 

Compaction effort, 391, 407, 412 

Compaction test, 392, 395, Figs. 14-1, 
14-2; see also Tests 

Compactor, vibratory, 404, Fig. 14-11 

Composite pile, 322, Fig. 11-4; see also 
Piles 

Compressibility 

bridging theory for, 98 

coefficient of, 118 

distinctive aspects, 97 

effect of initial density, 30, 107, 109, 
Fig. 5-7 

effect of ion exchange, 99 

effect of organic matter, 13, 21 

effect of particle shape, 26, 99 

effect of previous loading, 111, 118, 
Fig. 5-9 

osmotic pressure theory for, 99, 100 

structural effects, 101 

variation with PI, 47 

Compression diagrams 

conventions for plotting, 102 

effect of electrolytic concentration, 105, 
106, Figs. 5-4, 5-5 

effect of remolding (structural dis- 
turbance), 110, 111, 112, Fig. 5-8(b) 

effect of vibrations, 109, 110, 111, Fig. 
5-8(a) 

expansion curve, 103, 104, Fig. 5-3 

field, 115-20, 360, 366, Figs. 5-10, 12-5, 
12-8 

for extended pressure range, 106, Fig. 5-5 

for granular soil, 109, Fig. 5-7 

for remolded test specimens, 103, 108, 
Vigs. 5-3, 5-6 

for undisturbed test specimen, 111, 
Vig, 5-0 

hyateresia loop, 108, 105, Fig, 5-8 

limiting envelope, 116 

rebound curve, 104 

slope of, 11218 

virgin compression ourve, 108, 104, 105, 
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Compression index, 113, 114, 354, 360, 
364 
Compression testing; see Tests 
Compression waves, 312 
Concrete piles, 319, 320, Fig. 11-3; see also 
Piles 
Cone penetrometer, 423, Fig. 15-1; see 
also Penetrometer 
Conjugate stresses, 240; see also Stress 
Consistency, 10, 48, 47, 152, 158, 154, 155 
Consistency indexes; see Atterberg 
Consolidation 
average percent, 125, 129, 130, Fig. 5- 
15 
coefficient of, 125, 127, 128, 130, 354, 
Fig. 5-13 
drainage path, 127, 129, Fig. 5-14 
general features of, 97, 121, 122, 304 
of embankment foundations, 225 
percent 
at a point, 123 
average, 125, 130 
theory, 102, 113, 125 
time factor, 127, 129, 130, Fig. 5-15 
time-settlement diagram 
for gradual load application, 369, 
Fig. 12-10 
with instantaneous load application, 
131, Fig. 5-16 
Consolidated shear tests; see Tests 
Consolidometer, 101, Fig. 5-2; see also 
Tests 
Continuous footings, 272, Fig. 10-1 
Converse-Labarre formula, 348 
Core barrel, 434; see also Drilling 
Core box, 442, Fig. 15-14 
Core drilling 
diamond, 4338, 484, 435, Fig. 15-9 
shot, 433 
Core section, 228, Fig. 8-15; see also 
Earth dam 
Costs 
of borings; see Borings 
of chemicals for soil stabilization, 490, 
Fig. AVI-1 
of soil tests; see Tests 
Coulomb’s law, 162, 163, 164, Figs. 6-17, 
6-18 
Counterfort wall, 233, Fig. 9-2 
County soil maps; see Soil maps 
Crawl space, 310 
Creep; see Unretained slopes 
Creep in clay, 157, 199, 253-54 
Cribbing, 262 
Critical height, 207, 252 
Critical gradient, 182 
Cross-bracing, 232, 234, Vig. 9-3 
Crystallographic units of clay mineral, 469, 
Vig, AI-7 


Culmann method 205; see also Stability, 
unretained earth slopes 

Cut-off trench; see Earth dam 

Cut-off wall; see Earth dam 


Darcy 
equation, 66, 67, 73 
law, 66 
permeability coefficient, 67-71, 388, 
Figs. 3-8, 3-9 
Dead loads, 300, 307 
Deadman, 235, Fig. 9-4 
Deflocculating agent, 89 
Degree of compaction; see Compaction 
Degree of saturation; see Saturation 
Degree of sensitivity, 460 
Demineralized water, 89 
Density 
definition of, 27 
of solids, 27, 29 
of soil, 29, 30, 71, 281 
Department of Agriculture; see United 
States 
Depth of significant stress, 358, 354, Fig. 
12-1; see also Stress 
Design charts for pavement thickness, 
387; see also Pavement thickness 
Design load 
field loading test, 301 
pile test, 337 
Desilting, 227 
Deviator stress, 171; see also Stress 
Diagrams, compression; see Compression 
diagrams 
Dial extensometer; see Extensometer 
Diamond core drilling; see Core drilling 
Diesel hammer, 327, Fig. 11-8; see also 
Hammer, pile-driving 
Differential settlement; see Settlement 
Dipole; see Water molecule 
Direct shear tests, 1386, 137, Fig. 6-1; see 
also Tests 
Dispersed structure, 91, 92, Fig. 4-8; 
see also Structure 
Dissolved minerals; see Minerals 
Double-acting steam hammer, 329, Fig. 
11-9; see also Hammer, pile-driving 
Draft tube, 446 ! 
Drainage 
backfill; see Backfill 
face, 129 
longest path of, 127, 129, Fig. 5-14 
Drawdown, 220, 221, Fig. 8-13 
Drilling methods 
cable-tool, 433 
percussion, 433 
rotary, 427, 428, lig. 15-5 
wash boring, see Boring 
Driving cap, pile, 824, 889, 348 
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Drilling fluid, 161 

Drilling mud, 161, 426, 436 

Driving forces in unretained slopes; see 
Stability analysis 

Driving resistance of piles, 337-40, 343, 
344, Figs. 11-12, 11-13; see also Piles 

Dry samples, 429 

Dry sampling, 429 

Dune, 199 

Dust palliative, 414 

Dynamic pile-driving formula, 338, 347; 
see also Bearing capacity of piles 


Earth dam, design of, 226, 227, 228, Fig. 
8-15 
Earth-moving equipment; see Equipment 
Earth pressure at rest; see Pressure 
Earthworks, 5, 6 
Effective pressure; see Stress 
Effective size, 17, 18, 20, Fig. 2-9 
Effective stresses; see Stress 
El walls, 232-33, Fig. 9-2; see also Retain- 
ing walls 
Elastic solids, 185 
Electrical drainage, 79; see also Electro- 
osmosis 
Electrical resistivity, 421 
Electro-osmosis, 78, 79 
Electrolysis, 79 
Electron microscope, use of, 26, 84, 461 
Embankments, 11, 199, 227, 447 
Empirical methods, 9 
Emulsion, asphalt, 414 
End bearing piles, 316, 317, Fig. 11-1; see 
also Piles, bearing 
Energy, hammer, pile-driving; see Ham- 
mer 
Energy, soil moisture, 64, 65, Fig. 3-6 
Engineering 
civil, 9 
highway and airfield, 7 
soils, 5 
Engineering News formula, 339-41, 343- 
47, Fig. 11-13 
Equipment; see Apparatus 
Equipment, compaction 
ballasting, 399, 412 
compactor, vibratory, 404, Fig. 14-11 
rollers, static 
grid, 398, Fig. 14-5 
rubber-tired, 400, Fig. 14-6 
sheepsfoot, 397, Fig. 14—4 
smooth-wheel, 806, lig, 14-8 
rollers, vibratory 
rubberetired, 402, Wig, 14-8 
amoothewheel, 401, Vig, 14-7 
tampers 
hand, 408 
internal combustion, 402, Mig, ide? 


pneumatic, 403, 404, Fig. 14-10 
vibro-, 405, Fig. 14-12 
Vibroflotation, 403, 405, 406, 407, Fig. 
14-13 
Equipment, earth-moving, 7 
Equipment, pile-driving 
hammers; see Hammers 
pile-driving rig, 324, 325, Fig. 11-6 
leads 
fixed, 324, 325, Fig. 11-6 
hanging, 324 
swinging, 324, 325 
Equipotential lines, 74, 219; see also Flow 
nets 
Equivalent fluid, 255, 256, Fig. 9-15; see 
also Pressure, lateral earth 
Erosion, 19, 199 
Evaporation opportunity, 62 
Even gradation, 19 
Excavation, basement, 361; see also Re- 
quired excavation 
Exchange reaction; see Ion exchange 
Exchangeable ion, 76, 78, 79, 100, 467, 470 
Expanding lattice; see Minerals, clay 
Exploration 
site; see Site investigation 
subsurface; see Site investigation 
Extensometer, dial, 101 


Factor of safety; see Safety factor 
Failure of soil in shear, 138, Fig. 6-2; see 
also Rupture theory 
Failure plane in retaining-wall backfill, 
241, 242, 249, Fig. 9-9 
Failure surface in unretained earth slope, 
204, 214, Fig. 8-4 
Fault zones, 446 
Field compression diagram, 115, 359, 360, 
366, Figs. 5-10, 12-5, 12-8; see also 
Compression diagram 
Field loading test 
for soil bearing capacity, 282, 288, 300, 
301, Figs. 10-8, 10-10, 10-15 
on piling, 325, 336-37, Fig. 11-6 
Filter construction, 227; see also Earth 
dams 
Flexible pavements 
construction of, 375, Fig. 138-1 
subgrade evaluation for, 384, 385 
thickness design for 
design charts, 387, Fig. 13-8 
Group Index Method, 388, Fig. 18-9 
Kloe, 89 
Mloceulation, 88, 80 
Mlocoulent structure, 00, Wig, 46; see also 
Structure 
Mlood control, 226 
Mow boundary; eee Mlow net 
low lines, 78, 745 ave alae Vow net 
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Flow of soil moisture; see Soil moisture 
Flow net 
construction, 73, 74, Fig. 3-11 
use in slope stability analysis, 219 
Flow slides, 200, 221 
Flows, mud, 200 
Footings 
cantilever, 271, 272, Fig. 10-1 
column, 271, 272, Fig. 10-1 
combined, 271, 272, Fig. 10-1 
compound, 271 
continuous, 271 
individual, 271 
wall; see Footings, continuous 
Forces 
body, 98, 176, 178, 181, 353 
gravitational, 14, 71, 180 
in colloidal systems, 84 
interparticle, 98 
seepage, 180 
Forced vibrations; see Vibrations 
Foundations 
dam, 184 
embankment, 447 
spread, 271 
structural, 6, 271 
Foundation loading, 271, 305-8, Figs. 
10-16, 10-17, 10-18 
Fractionation, 14, 15, Fig. 2-1 
Free-water surface, 63 
Freezing 
of soil samples, 442 
retaining-wall backfill, 260 
zone, 77, 78, 308, 412, Fig. 3-13, 3-14 
Friction 
between solids, 146, 147, Fig. 6-8 
coefficient of, 146 
internal, 147; see also Friction angle 
solid, 146, 173 
viscous, 161, 175 
Friction angle 
apparent, 145 
peak, 142, 149, Fig. 6-5 
true, 141, 149 
typical values, 150, Fig. 6-10 
ultimate, 142, Fig. 6-5 
Friction piling, 317, 318, Fig. 11-2; see 
also Piles, bearing 
Frictional lag, 122 
Frost 
action, 389 
heaving, 77, 78, 309, Figs. 3-13, 3-14, 
10-19 
penetration, depth of, 309 
susceptible material, 78 
susceptibility, 78, 308, 381 


Gases, 54 
Gol, 161 


Geologic sections, 437 
Geology, 3, 8 
Geomorphology, 8 
Geophones, 421 
Geophysical methods; 421; see also Sub- 
surface exploration 
Gibbsite sheet, 469; see alse Crystallo- 
graphic units of clay minerals 
Glacial till, 31 
Gradation 
curves, 16, 18, Figs. 2-3, 2-5 
definition of, 18, 19 
use in soil classification, 23, 293 
Grade beams, 309, Fig. 10-19 
Gradient, 66, 67, 68, 180 
Grain size 
accumulation curve, 16 
distribution curve, 17 
Graphic logs, 487, Fig. 15-12; see also 
Borings 
Gravel, 20, 22, 150 
Gravity wall, 233, Fig. 9-2 
Great soil group, 377; see also Classifica- 
tion, pedological 
Grid roller, 398, Fig. 14-5 
Ground water 
effect on soil weight, 179 
movement, 9, 65 
observation well, 436, 441, 495 
table, 54, 62, 64 
Group action 
of footings, 298 
of piles, 298, 336, 347-49 
Group index, 380, Fig. 13-4; see also 
Classification of subgrades 
Grout curtain, 415 
Grouting 
chemical 
crome-lignin, 416 
definition of, 415 
Joosten process, 415 
Shell-perm, 416 
Portland cement, 415 
Grubbing, 486 
Grundite, 464, Fig. AI-8 
Guy, 235, Fig. 9-4 


Halloysite, 88 
Hammer core; see Hammer, pile-driving 
Hammer, pile-driving 
basis for classification, 324 
diesel, 324, 327, 341, Vig. 11-8 
differential-acting steam, 324, 328, 841 
double-acting steam, 324, 328, 320, 841, 
Vig, 11-9 
drop, 824, 841, 845 
efficiency, 839, 841 
onorpey : 
proms, 45 





INDEX 503 


losses, 339 
net, 345 
hammer core, 321 
single-acting steam, 324, 325, 326, 341, 
Fig. 11-7 
Hardpan, 31 
Hazen’s approximation, 68; see also Per- 
meability 
Heaving 
frost; see Frost 
of pile shells; see Pile-driving 
Heel; see Retaining wall 
Height of capillary rise, 58; see also 
Capillarity 
Highway Research Board, 378, 379, Fig. 
13-3 
Hiley formula, 343 
Housel equation, 287; see also Bearing 
capacity of soil for spread foundations 
Hydraulic dredging, 226 
Hydraulic filling, 223 
Hydraulics, 9 
Hydrodynamic lag, 123, 289; see also 
Consolidation theory 
Hydrostatic excess 
at a point, 125, Fig. 5-12 
average, 125, Fig. 5-12 
definition of, 123, 124, Fig. 5-11 
variation with depth, 125, Fig. 5-12 
Hydrostatic pressure testing in rock; see 
Testing 


Ice layers in zone of freezing, 77, 78, Figs. 
3-13, 3-14; see also Freezing 

Illite, 87, 159, 464, 469, Fig. AI-3 

Impervious core, 228; see also Earth dam 

Inorganic clay, 13, 47 

In-place density, 28, 118, 293, 355, 408 

In-place loading, 118 

Index properties of soil, 12, 20, 30, 31, 
Fig. 2-9 

Individual column footing, 271, 272, 284, 
Fig. 10-1 

Initial body stress, 362 

Instantaneous loading, in compression 
tests, 102 

Intake of water during swelling, 77 

Intergranular pressures; see Pressure, soil 

Interlocking, 93, 143, 148, Figs. 6-6, 
6-9; see also Shearing strength 

Internal friction; see Friction 

Investigation 

site; see Site investigation 
subsurface; see Site investigation 
Ion concentration, 77, 09, Bq, 5-1 
lon exchange, 76, 70, 00, 112, 470 


Jackatraw atrueture, 08, 150; see ali 
Structure 


Jetting, 422 

Jointing of rock, 446 

Joosten process, 415, 416; see also Grout- 
ing 


Kaolin, 87 
Kaolinite 
calcium, 90 
clay, structure of, 87, 90, 92, Figs. 4-6, 
4-8(b) 
crystallographic units, 469 
platelets 
dimensions of, 87, Fig. 4-4 
distinctive features of, 86, 462, 463, 
Figs. 4-2, 4-3, AI-1, AI-2 
shearing strength, 158, 159 
sodium, 92 


Labarre; see Converse-Labarre formula 
Laboratories 
academic, 457 
commerical, 458 
government, 458 
job, 458 
Lake beds, 419 
Laminar flow, 66, 73 
Land forms, 8, 419 
Landslides, 200, 222 
Lateral earth pressure, 231, 261; see also 
Pressure, lateral earth 
Lateral stress, 236, Fig. 9-5 
Leads; see Pile-driving 
Levees, 7, 71, 223, 226 
Lignin, 416 
Limits, Atterberg; see Atterberg limits 
Liquefaction, 222, 283 
Liquid limit; see Atterberg 
Liquid phase, 153, 176 
Liquid state; see Atterberg 
Live loads, 307 
Loading 
boundary, 176 
on structural foundations 
dynamic, 311; see also Vibrations 
static, 284, 305, 308, Figs. 10-16, 
10-17, 10-18 
period, 369, 370, Fig. 12-10 
tests; see Tests 
Load-settlement diagram 
piling, 332, Fig. 11-10 
spread footings, 274, 300, Fig. 10-3 
Load-settlement relations 
for plate bearing test, 882, Fig. 18-5 
piling, 831, 882, Fig, 11-10 
aproad footings, 274, 201, Figs, 10-3, 
10-10 
Loam, 20 
Loge of borings, 480, 440, Wiga, i114, 
1-12) we alae Dorling loge 
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Longest drainage path, 127, 354; Fig. 
5-14; see also Consolidation 
Longitudinal waves; see Vibrations 
Losses; see Hammer, pile-driving 
Low-cost road construction, 412 


Mandrel, 321; see also Piles, bearing 
Match-stick structure, 93; see also Struc- 
ture 
Materials 
cohesionless, 173 
cohesive, 111 
colloidal, 87 
granular, 30, 175 
particulate, 173 
Materials testing, 454 
Matrix, 19, 23, 94 
Mechanical analysis, 16-18, 21 
Mechanics, 4, 9 
Meniscus, 57 
Method of slices, 208, 213, 218-20; see also 
Stability, earth slopes 
Mica flakes, 26, 99 
Microscope 
electron, 84, 461 
optical, 461 
Migration of water into zone of freezing, 
75, 77, 78, Figs. 3-13, 3-14; see also 
Freezing 
Minerals 
clay 
crystallographic units of, 469, Fig. 
AI-7 


expanding-lattice, 470 
fixed-lattice, 470 
dissolved, 54, 89 
primary, 26 
secondary, 26 
Mixed soils, 22, 93, 162, 255 
Modified AASHO compaction test, 394, 
395, 407; see also Tests, compaction 
Modulus of elasticity, 339 
Modulus of subgrade reaction, 382; see 
also Pavement thickness 
Mohr 
enveloping curve, 175 
rupture envelope, 175, Fig. 7-5 
rupture theory, 173-75 
stress circle 
application to analysis of lateral earth 
pressure, 235, 236, 250, 251 
construction of, 169, 170, 171, Fig. 
7-2 
illustration of use of, 172, Fig. 7-3 
Moisture content, 37, 38, 41; see also 
Water content 
Moisture-density relations, 891, 302, 471, 
Tigs, 14-1, Al-0 


Moisture, soil; see Soil moisture 
Molecular attraction, 98 
Montmorillonite 
calcium, 472 
clay 
shearing strength, 158, 159, Fig. 6-15 
structure at LL, 92, Fig. 4-8(a) 
crystallographic units of, 469, Fig. AI-7 
dimensions of platelets, 87, Fig. 4-4 
platelets, 465, 466, Figs. AI-4, AI-5 
sodium, 465, 472, AI-4 
Muck, 13 
Mud flows, 200, 221; see also Slides 


Needle-shaped particles, 88, 89, 468, Figs. 
4-5, AI-6 

Neutral pressures, 182; see also Pressure 

Neutral stresses, 165, 182, 222; see also 
Stress 

Newmark’s charts, 195 

No-load shearing strength, 152; see also 
Cohesion 

No-load void ratio, 114; see also Com- 
pressibility 

Nonpolar molecules, 55 

Normal loading, 137, 152, 457 

Normal stress, 168, 169, 184, Fig. 7-8 

Normally loaded soil, 119 


Obliquity 
angle of, 173, 174, Fig. 7-4 
of resultant, 173, 244, 253 
Observation well, 436 
Occupancy, 306, 307, Fig. 10-17 
Optimum moisture content; see Water 
content 
Organic clay, 13, 47 
Organic content, 13, 21, 35, 46, 293 
Organic matter, 18, 54 
Organic silts, 35 
Organic soils, 18, 30 
Osmosis, 75, 76, 89, Fig. 3-12 
Osmotic flow, 75, 77, 78 
Osmotic pressure, 76, 89, 91, 93, 99, 100, 
Fig. 4-7 
Outlet structure, 445, 446 
Overcompaction, 260 
Overdriving of piles, 330 
Overlap of stress 
due to footings, 297, 298, 367, 443, Vig. 
10-14. 
due to piling, 347, 348, Fig. 11-14 


Parent material, 376, Vig, 18-2 
Particles, soil 
aggregation of, 95, 467 
componition of 
mineral, 18, 26, 100, 460 
—organio, 18 
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diameter 
definition of, 13, 14 
measurement of, 14, 15, 17 
dimensions of clay particles, 87, Fig. 4- 
4 
interlocking of 
in clays, 93, 162 
in granular soil, 148, 148, 149, Figs. 
6-6, 6-9 
shape 
angular, 26 
bulky, 25, 26 
needle, 88, 89, 467, 468, Figs. 4-5, 
AI-6 
platey, 26, 85, 86, Figs. 4-2, 4-3 
rodlike, 26 
rounded, 26 
size, 12, 13, 16, 20, 21, Fig. 2-9 
spacing, 100 
Particulate material; see Material 
Passive resistance, 214; see also Pressure 
Passive stress, 235, 236; see also Pressure 
Pavement 
flexible, 375, Fig. 138-1 
function, 7, 374 
rigid, 374, 375, Fig. 138-1 
thickness design, 374, 385-88, Figs. 
13-7, 13-8, 13-9 
Peak density, 393 
Peak friction angle, 142, 149, 151, 284, 
Fig. 6-5 
Peak resistance, 143 
Peak strength, 141, 143, 282 
Peat, 13 
Pedological classification system, 8, 376, 
Fig. 13-2; see also Classification, soil 
Pedological soil profile, 376, Fig. 13-2 
Pedology, 8, 376 
Penetration, asphalt, 414 
Penetration per blow of pile; see Set 
Penetration resistance in borings 
of casing, 438 
of cone penetrometer, 294, 423 
of sample spoon, 441 
standard penetration resistance 
correlation with presumptive bearing 
capacity, 276, 296, 297, Figs. 10-4, 
10-12, 10-13 
correlation with relative density, 119, 
356, 357, Fig. 12-3 
procedure for, 430, 431, Fig. 15-7 
records, 445, 451 
Penetrometer 
CBR; see California bearing ratio 
cone, 294, 855, 422, 423, Fig. 15=1 
Proctor needle, 895, 400, Fig, 14-2, Id 
14; ace alae Proctor 
Porvent consolidation; see Consolidation 
Percent finer, 10, 17, Wig, 268 


Percentage compaction, 36; see alao Come 
paction 
Percentage recovery of rock, 441 
Percentage voids; see Porosity 
Percussion drilling, 438 
Permeability 
coefficient 
Hazen’s approximation for, 68 
typical values, 69, 70, igs, 8-8, 8-0 
use in Darcy equation, 67 
definition of, 67 
relation to frost heaving, 78 
tests; see Tests 
variation with 
effective size, 17, 68 
PI, 47 
percent saturation, 71 
pore passage diameter, 67 
soil structure, 93 
void ratio, 71 
Permeameter, 70 
Perimeter shear, 287; see also Housel 
equation 
Pervious shell; see Marth dam 
Phase; see Pedological classification 
Phreatic surface 
definition of, 62, 64, 65 
distinctive characteristics of, 62, 63, 64, 
74, Figs. 8-4, 8-5, 3-11 
Piers, 6 
Pile bearing capacity; see Bearing capacity 
Pile cap, 322, 323, 348, Fig. 11-5 
Pile caissons, 316, 317, Fig. 11-1 
Pile-driving, 111, 475 
Pile-driving equipment, 324, 325, Fig. 11- 
6; see also Equipment 
Pile-driving hammers; see Hammers 
Pile-driving specifications, 329, 475 
Pile efficiency, 348; see also Bearing ca- 
pacity of friction piles 
Pile foundations, 316, 331 
Pile groups, 318, 347-48, 479 
Pile length, predetermination of, 330, 333, 
334, 335, 336 
Pile shell, 321 
Pile spacing, 350 
Piles, bearing 
composite, 319, 321, 322, Fig. 11-4 
concrete, cast-in-place 
cased, 320, 321, Fig. 11-3 
uncased, 320, 321, Fig. 11-3 
concrete, precast 
definition of, 319, 320 
hollow, centrifugal, 320, 321, Fig. 11- 


3 
solid, 820, 821, Vig, 11-8 
displacement, 821 
ond bearing, 816, 817, Wig, thet 
for support of retaining walls, 265 
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Piles, bearing—Continued 
friction, 316, 317, 318, 331,332, Fig. 11-2 
nondisplacement, 321 
settlement of; see Settlement of pile 
foundations 
steel, 321 
pipe, 321 
structural H-section, 321 
stress at pile tips, 349 
wood, 319 
Piles, driving resistance, 337-40, 343, 344, 
Figs. 11-12, 11-13 
Piles, sheet, 74, 235 
Pipe jacking, 235, Fig. 9-4 
Piston sampler, 432, 451, Fig. 15-8; see 
also Subsurface investigation 
Plan of borings, 437, 488, Fig. 15-10; see 
also Boring records 
Plane of principal stress, 168, 234 
Plant growth, 3 
Plastic limit, PL, 44; see also Atterberg 
Plastic silts, 139 
Plastic state, 44; see also Atterberg 
Plasticity, 21, 46, 152 
Plasticity chart, 46, Fig. 2-12 
Plasticity index, 44, 45, 46; see also 
Atterberg 
Plate bearing tests, 382, 383, Fig. 13-5; 
see also Tests 
Pneumatic tamper, 403, 404 
Point load approximation, 192, 193, 363, 
364, Figs. 7-15, 12-6 
Point loads 
multiple, 188, 189; sce also Principle of 
superposition 
single, 184-88, Fig. 7-9; see also 
Boussinesq 
Point of maximum previous compression, 
111, 112, Fig. 5-9 
Poiseuille, 67 
Pore pressure; see also Pressure 
effect on shearing strength, 145, 165 
185, 219, Fig. 7-8 
in earth dams, 229 
in soil, 9 
Pore space, 29; see also Voids 
Pore water, 182, 218, 216, 218; see also 
Soil moisture 
Porosity, 32, 34, 39, 93, Fig. 2-9 
Potential head, 65; see also Energy 
Power augers, 424 
Prandtl theory of rupture, 278, Fig. 10-5 
Precompaction, 282, 302, 303 
Precompressed soil, 119, 457 
Pressure; see Stress 
Pressure bulb; see Bulb of pressure 
Pressure, lateral earth 
active, 214, 235, 238, 230), 240, 242, 244, 
255, Figs. 9-5, 0-7 


’ 


at rest, 237, 238, 239, Fig. 9-7 
definition of, 231 
distribution of, 238, 412, Fig. 9-7 
due to clay backfill, 251-55, Fig. 9-14 
due to sloping backfill, 240, Fig. 9-8 
due to surcharge loading 
line loading, 248, 249, 250, Fig. 9-13 
uniformly distributed, 246, 247, Fig. 
9-12 
effect of wall movement 
clay backfill, 254 
granular soil, 237, 238, 239, Fig. 9-7 
equivalent fluid method 
development of, 255, 257 
values unit weight, equivalent fluid, 
256, Fig. 9-15 
on braced sheeting, 261, Fig. 9-18 
passive, 214, 235, 238, 240, 255, Figs. 
9-5, 9-7 
relation to vertical pressure, 233-36, 
251, Figs. 9-5, 9-14 
resultant, 239, 242, 245 
theory 
Rankine, 239, 240, 245, 246, 255 
sliding wedge, 239, 241, 242, 243, 246, 
249, Figs. 9-9, 9-10, 9-11 
Pressure, soil 
due to footings, 189-91, 359 
effective, 178, 179 
intergranular, 188, 218, 222 
Pressure-void ratio curve, 102, 103, 104, 
275, Fig. 5-3; see also Compression 
diagram 
Pressure, water 
artesian, 176, 184, 214, 220, Figs. 3-10, 
7-8 
back water, 220, Fig. 8-17 
head, 65 
hydrostatic, 123, Fig. 5-11 
hydrostatic excess, 123, 124, Fig. 5-11; 
see also Hydrostatic excess 
in pores; see Pore pressure 
reduction of, 59, 146, 183 
Presumptive bearing capacity, 277, 292, 
300, 359, Figs. 10-4, 10-12, 10-13; 
see also Bearing capacity of soil for 
spread foundations 
Primary minerals, 13, 26, 139 
Principle of superposition, 188 
Principal planes, 168, 169 
Principal stresses, 168, 169, 234, 235; see 
also Stresses 
Probable live loading, 807 
Probing, 422 
Proctor 
cure 802, 409, 471, Figs, del, 1414, 
Al-{) 
cylinder, 805, Vig, 142 
density, 400 
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hammer, 395, Fig. 14-2 
mold, 395, Fig. 14-2 
needle, 395, 409, Vigs. 14-2, 14-14 
weight, 36 
Proctor, R. R., 891 
Profile, soil; see Pedology 
Pulvimixer, 411 
Pump handle footing, 272, Fig. 10-1 
Pumping, 75, 375 


Quartering, 449 
Quicksand, 182 


Ram; see Hammers, pile-driving 
Rankine, 239; see also Pressure, lateral 
earth 
Rankine equations 
level backfill 
derivation, 235, 236, 239 
for active pressure, 239 
for passive pressure, 239 
sloping backfill 
active pressure, 240 
passive pressure, 240 
Random fill section, 228, Fig. 8-15; see 
also Karth dam 
Rate of settlement, 97, 121, 122, 369; see 
also Consolidation 
Rate of shear, 146, 147, 159, 161, 254 
Records; see Borings 
Refusal 
in borings, 422, 433 
in pile-driving, 331, 345 
Regolith, 3 
Relative density 
correlation with standard penetration 
resistance, 357, Fig. 12-3 
definition of, 33, 35 
limiting value with vibrations, 313, 
411 
Relief wells, 225 
Remolded specimens, 45, 101, 104 
Remolding of soil, 45, 111, 112, Fig. 
5-8(b) 
Repose, angle of, 150, 206, Fig. 6-10 
Required excavations, 444, 446 
Reservoirs, 184, 226 
Residual settlement, 97, 369, Fig. 12-10 
Residual shrinkage, 44, Fig. 2-11 
Residual soils, 13, 89, 443 
Resonance, 312 
Restitution; see Coefficient of 
Resultant, obliquity of, 171 
Resultant lateral pressure; see Pressure, 
lateral earth 
Retaining walla 
construction of, 281, 282, Fig, 0-1 
promaure vt (oe, 262, 268, 264, Fig, D1 
ratio of base width to height, 266, 207 


stability 
against overturning, 261, 262 
against sliding, 265, 266, 267, Vig. 
9-20 
tests, 6, 238, Fig. 9-6 
types of, 231, 232, 238, Fig. 9-2 
Revetments, 7 
Rigid pavements 
construction of, 375, Fig. 13-1 
plate bearing test for, 382, 383, Fig. 13-5 
thickness design for, 387, Fig. 13-7 
Riprap, 227, 228, 446, Fig. 8-15; see also 
Earth dams 
Rock, 3 
Rock core, 442, 494, Fig. 15-14 
Rock core drill, 484, Fig. 15-9 
Rock drilling, 433, 435, 494 
Rock-fill dam, 445 
Rock flour, 26 
Rock toe drain, 228, Fig. 8-15; see also 
Earth dam 
Rolled earth dams, 228, 445, Fig. 8-15 
Rollers; see Equipment, compaction 
Roof loads, 307 
Rotary drilling, 426, 428, 429, 436, Vig. 
15-5 
Rotational slide, 200, 214, 268, Figs. 8-1, 
8-2 
Rubber-tired roller, 399, 400, Fig. 14-6 
Runway subgrades, 23, 380, 381 
Rupture envelope, 174, 235, 236, Vigs. 
7-5, 9-5 
Rupture of soil under footings, 275, 292, 
332 
Rupture theory 
for clay, 175, 176, 177, Fig. 7-6 
for granular soil, 173, 174, Fig. 7-5 
Mohr, 173, 174, Fig. 7-5 
Prandtl, 278, Fig. 10-5 


Safe bearing value, 277; see also Bearing 
capacity of soil 
Safe working load, 333; see also Bearing 
capacity of friction piles 
Safety factor 
of pile foundations, 336, 341, 344 
of spread foundations, 277, 287, 290, 
291, 292, Figs. 10-10, 10-11 
of unretained earth slope, 200, 203, 211, 
214, 215 
Sample disturbance, 430 
Sample jar, 442, Fig. 15-3 
Sample spoon 
heavy-wall, 430 
piston-type, 432, Fig. 15-8 
Shelby-tube, 482, Fig, 15-8 
wplitebarrel, 480, Mig, 156 
(hinewall, 482, Mig, 15-8 
Vickeburg, 483 
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Sampling, 6, 429-33 
Samples 
Shelby-tube, 355, 441, 445 
undisturbed, 430 
Sand, 20, 22, 24, 150 
Sand-volume test, 408; see also Tests 
Saturation 
degree of, 39, 40, 42, 71, 393 
by capillarity, 62, 258, Fig. 9-16 
by gravitational water, 219, 257, Fig. 
9-16 
Seat of settlement, 361, 367 
Seat of sliding, 200 
Secondary minerals, 13, 26 
Sedimentary clays, 89 
Sedimentation, 15, 89 
Sediments 
consolidated, 122 
unconsolidated, 3, 20, Fig. 1-1 
Seepage, 7, 64, 66, 73, 180, 218-20, 227, 
257, Fig. 8-12 
Seepage forces, 176, 180, 181, 218 
Seepage outcrop, 219, 227 
Seismie exploration, 421; see also Geo- 
physical methods 
Select material, 228; see also Earth dams 
Select subbase, 450 
Semipermeable membrane, 75, 76, Fig. 
3-12 
Semisolid state, 44; see also Atterberg 
Sensitive clays, 45, 120, 160, 161, 221 
Sensitivity, 160, 298, 457 
Series, 377; see also Pedological soil classi- 
fication 
Set, 338, 341 
Settlement of pile foundations, 332, 333, 
Fig. 11-10 
Settlement of spread foundations 
causes other than loading 
freezing and thawing, 308, 309 
shrinkage, 310, Fig. 10-20 
vibrations, 311-14 
due to loading 
compression of weak substrata, 301, 
361-67 
differential, 273, 275, 287, 289, 367 
effect of basement excavation, 361, 
362 
effect of footing size, 284, 285, 286, 
Figs. 10-9, 10-10 
rate; see Consolidation 
residual; see Residual settlement 
tolerable value, 275, 277, 291 
with gradual load application, 369, 
Fig. 12-10 
Shadow-casting technique, 461 
Shallow seismic refraction method, 421 
Shear failure, 138, Fig. 6-2; see also Rup- 
ture 


Shearing displacement, 137, 138, 139, 141, 
149, 159, Figs. 6-1, 6-14; see also 
Shearing strain 

Shearing force, 137, 138 

Shearing rate, 156-59 

Shearing resistance; see Shearing strength 

Shearing strain, 137; see also Shearing dis- 
placement 

Shearing strength 

diagrams 
for cohesionless soil, 140, 141, 142, 
Figs. 6-3, 6-4, 6-5 
for mixed soils, 162-65, Figs. 6-17, 6-18 
for true clays, 153, 154, 155, Figs. 
6-11, 6-12, 6-13 
due to particle interlocking, 93, 148, 
148, 149, 162, Figs. 6-6, 6-9; see also 
Interlocking 
due to solid friction, 146, 147; see also 
Solid friction 
due to viscous friction, 161, 180; see also 
Viscous friction 
cohesionless (granular) soil 
effect of gradation, 19, 149 
effect of initial density, 141, 142, 149, 
Figs. 6-4, 6-5 
effect of normal pressure, 140, 147, 
Fig. 6-3(b) 
effect of particle shape, 149 
effect of particle size, 149 
effect of pore pressure, 145, 184, Fig. 
7-8 
effect of shearing rate 156-59 
loss of strength due to reduction of 
normal pressure, 184, Fig. 7-8 
mixed soils 
Coulomb’s law for, 162, 163, 164, 
Figs. 6-17, 6-18 
distinction between cohesion and 
friction, 165 


true clays 
effect of normal pressure, 152, 153, 
Fig. 6-11 
effect of particle shape, 158, 159, 
Fig. 6-15 
effect of particle size, 158, 159, Wig, 
6-15 
effect of shearing rate, 156, 157, 159, 
Fig. 6-14 
effect of structural disturbance, 160, 
Fig. 6-16 


variation with consistency, 48, 158, 

154, 155, Figs, 6-12, 6-18, 6-15 
Shearing stress 
stresseatrain diagrams 

for cohesionloss soil, 140, 141, Figa, 
Obed, Od 

for true clays, 157, 160, Wigan, b-t4, 
O16 
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Sheepsfoot roller, 397, Fig. 14-4 
Sheeting, 6, 231, 232, 261, Fig. 9-3 
Sheet piling, 235, Fig. 9-4; see also Piles 
Shelby tube samples, 432, Fig. 15-8; see 
also Samples 
Shell-Perm, 416 
Shell sections, 228, Fig. 8-15; see also 
Earth dams 
Shore lines, ancient, 419 
Shores, 234, Fig. 9-3 
Shoring, 232 
Shot drilling, 433, 434 
Shrinkage, 39, 59, 183, 310, 370, 448, Figs. 
2-11, 10-20 
Shrinkage index, 44, 45; see also Atterberg 
Shrinkage limit 
remolded, 44, 45; see also Atterberg 
undisturbed, 45, 311, 370 
Sieve sizes, 14, 22 
Sieving, 15; see also Mechanical analysis 
Significant stress 
definition of, 353 
depth of, 195, 353, 354, Fig. 12-1 
Silica sheet, 469; see also Crystallographic 
units of clay minerals 
Silt, 20, 22, 24, 150 
Single-acting steam hammers, 326, Fig. 
11-7; see also Hammer, pile-driving 
Single drainage, 127, 129, Fig. 5-14; see 
also Consolidation 
Single-grain structure, 84, 85, 99, Fig. 
4-1; see also Structure 
Single point load, 184, 368, Fig. 7-9; see 
also Boussinesq 
Site investigation 
by borings; see Borings 
for airfields, 449-50 
for borrow areas, 447, 448 
for earth- and rock-fill dams, 229, 
445-49 
for highways, 449-50 
for structures, 294, 443-45, Fig. 15-15 
methods, 420-36 
planning, 318 
records, 437-42 
Sixty-degree approximation 
comparison with Boussinesq, 192, Fig. 
7-14 
definition of, 189, 190, 191, 295, 349, 
Figs. 7-12, 7-13 
use with piling, 349, Fig. 11-14 
Size effects; see Bearing capacity of soil; 
see also Footings 
Skin friction, 335, Fig. 11-11; see also 
Bearing capacity of friction piles 
Skip-graded soil, 19, 28, 24 
Slices method, 20818, 217, 218, Figa, 
8-7, 8&8, Bef), 812; ace also Stability, 
unretained earth slopes 


Slides, unretained slopes 
flow 
distinguishing features of, 200 
liquefaction of granular soil, 222 
mass 
distinguishing features of, 200 
rotational, 200, 201-13 
translatory, 200, 213-16 
mud, 221, 222 
Sliding friction, 149 
Sliding wedge, 241, Fig. 9-9; see also 
Pressure, lateral earth 
Slope failure; see Slides, unretained earth 
slopes 
Slope stability, 200, Fig. 8-2; see also 
Stability, unretained earth slopes 
Slope stabilization, 228, 224, 225, 226, 
Fig. 8-14 
Sloping backfill, 240, Fig. 9-8 
Slurries, 161 
Smooth-wheel rollers, 396, Fig. 14-3; see 
also Equipment, compaction 
Sodium silicate, 415 
Soil 
complex, 12 
definition of, 3, 5, Fig. 1-1 
density of, 29-37 
fundamental properties of, 461-72 
index properties of 
definition, 12 
typical values, 30, 31, Fig. 2-9 
Soil chemistry, 8 
Soil maps, 420 
Soil material, 376, Fig. 138-2 
Soil moisture 
classification of, 54, 55 
composition, 54 
corrosive effects, 54 
electrolytic effects, 54 
energy potential, 65 
mobility of, 54 
Soil particles, 18-29 
Soil profile, 276, Fig. 13-2 
Soil physics, 8 
Soil samples, 451 
Soil sampling, 429-33 
Soil series, 377 
Soil solidification, 415 
Soil stabilization; see Stabilization, soil 
Soil structure 
colloidal material, 87 
definition of, 83 
dispersed, 91, 92, 467, Fig. 4-8 
flocculent, 90, Fig. 4-6 
mixed soil, 98, 94, Fig. 4-9 
single-grained, 84, 85, Fig, 4-1 
Soil suspension, 15, 161, 426, 486 
Soil tonting; see Towting 
Moll tonta; vee Teata 
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Soil texture; see Texture 
Soils engineer, 3, 6 
Soils engineering, 3, 5, 11, 12, 20 
Sol, 161 
Solid framework, 98 
Solid friction, 28, 146, 147, 165, 173, 184, 
210, 279; see also Friction 
Solid phase, 153, 176, 179 
Solid state, 44; see also Atterberg 
Solids, 18, 44, 54 
Solum, 376, Fig. 13-2 
Solute, 76 
Solution cavities, 446 
Sounding, 422 
Specific gravity 
absolute, 28 
apparent, 35 
bulk, 28 
mass, 41 
true, 28 
Specific surface, 25, 56, 470 
Specifications 
for borings, 491 
for compacted earth fill, 486 
for field loading tests, 473 
for pile-driving, 475 
Spillway, 445 
Split-barrel sample spoon, 294, 430, 441, 
445, Fig. 15-6 
Spoon; see Sample spoon 
Spread footings, 271, 272, Fig. 10-1; see 
also Spread foundations 
Spread foundations for structures 
footings 
column, 272, Fig. 10-1 
continuous wall, 272, Fig. 10-1 
function of, 271 
loading on 
dead, 305-7; see also Weights of 
materials 
gross, 308, 362 
live 
definition of, 307 
for various occupancies, 306, Fig. 
10-7 
probable, 307 
net, 308 
load-settlement diagram for, 274, 286, 
Figs. 10-3, 10-10 
mats, 6, 271, 273, 298, Fig. 10-2 
Stability, retaining walls, 261, 262, 263, 
267, 268, Figs. 9-19, 9-20, 9-21 
Stability, unretained earth slopes 
analysis of 
block-and-wedges method, 215, Fig. 
8-11 
Culmann method, 205 
location of trial surfaces, 206, Tig, 
8-5 


slices method, 208, 209, 214, 218, Figs. 
8-7, 8-8, 8-9, 8-12 
Swedish circle method, 201 
relative nature of, 200 
safety factor as index of, 204, Fig. 8-3 
Stabilization, soil 
bituminous, 414 
chemical, 6, 304, 390, 412-16 
mechanical, 390-407 
with cement, 413-14 
Standard Ottawa sand, 20 
Standard penetration, resistance measure- 
ment, 292, 294, 296, 333, 355, 356, 
357, 431, Figs. 12-3, 15-7; see also 
Penetration resistance 
Standard Proctor compaction test, 394, 
407 
Standardization of soil, testing procedures, 
455, 456 
Starting friction, 149 
States of consistency, 43; see also Atter- 
berg 
Static formula for pile capacity, 333-37 
Static load test; see Tests, pile loading 
Static loading, 284 
Static rollers, 396; see also Equipment, 
compaction 
Steady seepage, 218 
Steam hammers; see Hammer, pile-driving 
Steel piles, 6, 321 
Stone content, 14, 410 
Strength due to interlocking, 148, 281 
Strength of materials, 4, 9, 454 
Stress 
analysis of 
at a point, 168, 169, Fig. 7-1; see also 
Mohr 
for soils engineering, 10 
body, 178, 356, 359 
circle of, 169, 170, 171, 172, Figs. 7-2, 7-8 
compressive, 171, 183 
conjugate, 240 
deviator, 171 
effective, 119, 140, 147, 165, 178, 183, 
184 
neutral, 182-84 
overlap of 
footings, 298, Fig. 10-14 
piling, 349, 350, Fig. 11-14 
significant 
definition of, 358 
depth of, 289, 353, 354, 355, Vig. 12-1 
Stress decrease 
due to artesian pressure, 184, Pig. 7-8 
due to excavation, 808 
Stress increment; see also Boussinesq 
due to distributed boundary loading, 189 
due to footings, 18001 
due to point load, 185, 186, Pig, 185 
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Stripping, 488 
Structural disturbance of clay, effects of, 
111 
Structural engineering, 9 
Structural foundations; see Pile founda- 
tions; Spread foundations for struc- 
tures 
Structure 
dispersed, 91, 92, 99, 120, 151, 161, Fig. 
4-8 
flocculent, 90, 91, 99, 120, 160, Fig. 
4-6 
jackstraw, 93, 159 
match-stick, 93, 467 
single-grained, 84, 85, Fig. 4-1 
of clay, 89, 112, 153 
of coarse-grained soil, 84 
of mixed soil, 93, 94, Fig. 4-9 
pedological meaning of, 377 
Strut, 234, Fig. 9-3 
Subbase, 375, 376, 450 
Subgrade 
classification; see Classification, sub- 
grades 
definition of, 374 
evaluation, 376, 382 
materials, 56 
modulus, 382, 383, 384, 484, 485, Figs. 
13-6, AIV-2 
stabilization, 413, 414 
Submerged weight 
of soil, 179, 181 
of solids, 179 
Submergence, 62, 179, 181 
Suborder, 377 
Subsieve-sizes, 14 
Subsurface exploration 
methods, 420-36 
records, 437-42 
requirements for typical projects, 443 
444, Fig. 15-15 
Subsurface investigation; see Subsurface 
exploration 
Sulphite waste liquor, 416 
Supercooling, 78 
Superficial particle volume, 27, 28, 29 
Superposition, principle of, 188 
Surcharge, footing 
definition of, 279, Fig. 10-6 
effect on bearing capacity; see Bearing 
capacity of soil 
Surcharge, retaining wall 
concentrated line, 247, 248, 249, 250, 
Fig. 9-18 
pressure; see Pressure, lateral earth 
uniformly distributed, 246, 247, Fig. 
P12 
Surface avon, 26 
Surface tension, 68, 60, Ig, 8-3 


Swedish circle; see Stability, unretained 
earth slopes 

Swedish Geotechnical Commission, 185, 
201 

Swell, 448 

Swelling, 39, 100, 310 

Swelling index, 115 

Swinging leads, 324 

Systems, colloidal, 4, 14, 33, 88, 93 


Tamper, 402, 408, 404, 405, Figs. 14-9, 
14-10, 14-12; see also Equipment, 
compaction 

Tamper; see Proctor 

Tee walls, 232, Fig. 9-2 

Tension 

in clay, 152, 171, 176, 177, 251, Figs. 
7-6, 9-14 
in water, 60, 183 

Tension cracks, 207, 256, Fig. 8-6 

Terraces, 419 

Testing 

materials, 454 
soil, 455-57 
Test pile, 481 
Tests 
acceptance, 454 
balloon volumeter; see In-place density 
CBR; see Tests, subgrade evaluation 
classification, 292, 438 
compaction 
field, 407, 408 
laboratory 
modified AASHO, 394, 395, 407 
standard Proctor, 394 
compression 
loading 
dead weight, 102 
instantaneously applied, 102, 123 
procedure, 101, 102 
testing device, 101, Fig. 5-2; see also 
Consolidometer 
unconfined, 176, Fig. 7-6; see also 
Tests, shear 
consolidation, 123 
cost of, 459 
field loading, 473, Fig. AII-1; see also 
Tests for soil bearing value 
for soil bearing value 
conduct of, 473, Fig. AII-1 
interpretation of, 301 
hydrometer, 15; see also Tests, mechan- 
ical analysis 
hydrostatic pressure, in rock, 446 
in-place density 
balloon volumeter, 408 
sand volume, 408 
mochanioal anulyala 
hydrometer, 16 
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Tests—-Continued 
mechanical analysis (Continued) 
pipette method, 89 
sieving, 14, 15, Fig. 2-1 
permeability, 70 
pile loading 
conduct, 336, 478, 479, Fig. AIII-1 
interpretation, 337 
plate bearing; see Tests, subgrade 
evaluation 
sand-volume; see In-place density 
shear 
direct, 136, 187, Fig. 6-1 
drained, 136, 154, Fig. 6-1 
preconsolidated, 154, 155, 164 
strain-controlled, 137, 156, 157 
stress-controlled, 137 
translatory, 136 
triaxial, 145 
unconfined compression, 176, Fig. 7-6 
undrained, 136, 145, 153, Fig. 6-1 
standard penetration resistance, 430, 
431, Fig. 15-7 
subgrade evaluation 
CBR, field, 385 
CBR, laboratory, 384, 385 
plate bearing, 382, 383 
triaxial, 145; see also Tests, shear 
unconfined compression, 176, Fig. 7-6; 
see also Tests, shear 
Test pits, 429, 447, 452 
Testing services, 457 
Texture, 10, 12, 20, 293 
Textural classes, 20, 21, 22, 23, Figs. 2-6, 
2-7 
Textural classification; see Classification 
Thawing, 302, 412 
Thickness design, 385, 386, 387, 388, Figs. 
13-7, 13-8, 13-9 
Thin-wall sample spoon, 482, Fig. 15-8 
Thixotropy, 161 
Tillage, 45 
Tilth, 95 
Time factor, 127, 130, Fig. 5-15; see also 
Consolidation 
Toe drains, 228, Fig. 8-15 
Tolerable settlement, 275, 277, 291 
Top flow line, 219; see also Flow nets 
Total energy head, 65; see also Energy 
Transition section, 227, 228, Fig. 8-15; 
see also Earth dams 
Translatory shear tests, 1386; see also 
Tests, shear 
Translatory slides, 200, 213, 214, 218, 221, 
224, Figs. 8-10, 8-11; see also Stability 
of earth 
Triangular classification chart, 24, 25, 46, 
Fig. 2-8; see also Mechanical analysis 
True angle of internal friction, 148, 149, 


150, 151; see also Friction 
Turbulent flow, 67, 73; see also Darcy 


Ultimate friction angle, 142, Fig. 6-5 
Ultimate platelets, 470 
Ultimate strength; see Shearing strength 
Unconfined compression tests, 175, 176, 
445 
Unconfined compressive strength, 175, 176 
Unconsolidated sediments, 3, 122, Fig. 1-1 
Underpinning, 6 
Underpinning piles, 479 
Underseepage, 227 
Undisturbed sampling, 430 
Undisturbed shrinkage limit, 45, 311, 370 
Undisturbed soil samples, 101, 112, 480 
Unified Soil Classification System, 381, 
482-83, Figs. AIV-1, AIV-2 
Uniformity coefficient, 19, 20, Fig. 2-9 
Unit cohesion, 152, 176, 284 
Unit seepage force, 181 
Unit shearing strength, 139, 155 
Unit weight 
effective, 179 
of concrete, 35 
of equivalent fluid, 255, 256, Fig. 9-15 
of soil 
at 100 percent modified AASHO 
compaction, Fig. 2-9 
dry weight, 24, 33, 34, 35, 41, 42, 179, 
359, 407, Fig. 2-9 
submerged, 31, 34, 179, Fig. 2-9 
wet weight, 31, 34, 41, 42, 178, Fig. 
2-9 
of soil particles, 27 
of solids, 27, 34 
of structural materials, 305, Fig. 10-16 
of water, 28 
United States 
Bureau of Public Roads, 21, 22 
Bureau of Reclamation, 483, Fig. AIV=1 
Bureau of Soils, 5 
Civil Aeronautics Authority, 21 
Department of Agriculture, 5, 21, 377 
Geological Survey, 377 
U.S. Army Corps of Engineers, 24, 383 
U.S. Navy Civil Engineer Corps, 383 


Unretained earth slopes, stability of; see 


Stability, unretained earth slopes 
Unpaved crawl space, 310, Fig. 10-20 
Upgrading of soil, 95 


Valley floor, 447 

Velocity head, 65 

Vertical sand drain, 225, 226 

Vibrations 
amplitude of, 818 
compression waves, 812 
forced, 818 


| 
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frequency 
natural, 312 
resonant, 313 
longitudinal waves, 312 
Vibratory compacting equipment, 313; 
see also Equipment, compaction 
Vibratory compactor, 404, Fig. 14-11 
Vibratory roller, 225, 399, 401, 402, Figs. 
14-7, 14-8 
Vibroflot, 405, Fig. 14-13 
Vibroflotation, 225, 403, 406, Fig. 14-13 
Vibro-tamper, 405, Fig. 14-12 
Vicksburg spoon, 433 
Virgin compression curve, 104, 112, 113, 
119, 361, 366, Fig. 5-3 
Viscosity, 55 
Viscous friction, 161, 180 
Void ratio 
critical, 144, 223, 226 
definition of, 32, 36, 33 
typical values, 30, 31, Fig. 2-9 
Voids, 30; see also Pore spaces 
Volclay, 87 
Volume changes during shear, 143, 144, 
Fig. 6-7; see also Shearing strain 


Waler, 234, Fig. 9-3 
Wall friction, 245, 248, 257, 262 
Wall movement, 237, 242, 254, Fig. 9-6 
Wall stability, 261, 262, 263 
Wash boring, 426, 428, 485, 4386, Figs. 
15-4, 15-5 
Wash sampling, 426 
Water; see also Soil moisture 
Water 
adsorbed, 55, 178 
bound, 56 


bulk, 99 
capillary, 55, 56, 178, 258 
gravitational, 55, 62, 65, 71, 267 
hygroscopic, 56 
Water content; see also Moisture oontent 
basis for 
dry weight basis, 38 
volume basis, 37, 39 
wet weight basis, 38 
optimum, 398, 407 
Water molecule, dipole construction, 55, 
56 
Water-repellent chemical, 57 
Wave action, 7, 227 
Wave movement, 312 
Wave propagation, 312 
Weak substratum, 361, 867 
Wearing course, 375 
Weathering, 3, 13, 89, 446 
Weight; see Proctor weight; Unit weight 
Weight of ram, 343 
Weight of solids, 27, 28 
Well drilling, 433 
Well-graded materials, 23, 80 
Well point 
horizontal, 223 
vertical, 68, 223, Fig. 8-5 
Westergaard equations, 882 
Wetting and drying, 4, 412 
Wheel loading, 385, 386, 387, 388, Tigs. 
13-7, 13-8 
Wide-mouthed sample jar, 442, Fig. 15-18 
Wind loads, 308 
Wooden piles, 319 
Worst circle, 203, 204 


Zero air-voids curve, 40, 392, Fig. 14-1 


